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FOREWORD 


This publication, Basic Nuclear and Radiation Physics, has 
been issued as a source of background information for students 
attending the nuclear courses of the Atomic Weapons Training 
Group, DASA. Students whose training in physics is incomplete, 
or who lack an understanding of the unclassified aspects of nucle- 
ar phenomena as revealed by modern research, will find the in- 
formation in this publication of value in comprehending course 
material. 


Because this publication deliberately has been slanted to- 
ward a specific objective, it makes no claim of being exhaustive 
or all-inclusive. Instructors will be glad to recommend stand- 
ard texts available from the Atomic Weapons Training Group, 
when further information is required. 


Users of this publication are invited to report any errors, 
discrepancies, or omissions they might find. Suggestions for 
the improvement of future editions will be welcomed. 


SarbE Cf 


SAMUEL E. OTTO 
Colonel GS 
Deputy Chief of Staff 
Atomic Weapons Training 
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CHAPTER 1 


GENERAL PHYSICS 


1-1 MEASUREMENTS AND UNITS 


The measurement of a physical quantity consists of two parts: a 
number and a unit. Suppose we are measuring the speed of sound in 


air. Speed is defined as distance traveled 1 the distance considered 
time of travel 


is 1100 feet and the time required for travel is 1 second, the experi- 
ment yields: 


speed = 
1 second sec 


read: 1100 feet per second 


The number in this measurement is 1100, the unit of speed is a 


Notice that the unit is made of two simpler ones, a unit of length and 
a unit of time. It turns out that any physical unit can be written in 
terms of three basic ones - generally these are the units of mass, 


length, and time. 


Figure 1.1 Basic Units 


Depending on how we choose these basic units we get different systems 
of units. We are concerned with two of these: The English System 
and the Metric System. | 


The fundamental units of each are listed below: 


centimeter 
second 





These units can be compared: 
1 pound = 454 grams 
1foot = 30.5 cm 
1 second (English) = 1 second (Metric) 


The above information makes it possible to convert from one system 
to another. For example: 


1. Speed of sound = 1100 ft/sec. 
2. 1 ft = 30.5 cm. 
3. Substitute for the unit 1 ft in equation 1. Then: 


speed of sound = 1100 x 20.5.cm 
sec 


speed of sound = 1100 x 30. 5 cm/sec 
speed of sound = 33, 600 cm/sec 


The main advantage of the metric system lies in the ease with 
which convenient size units can be written. We will use the following 
prefixes: 


*Physicists often prefer to use a slug as the unit of mass in the Eng- 
lish system. The pound is really a unit of force. 





mega 1, 000, 000 


kilo 1, 000 
centi 1/100 

milli 1/1, 000 
micro 1/1, 000, 000 


Thus, in a discussion of very small masses, the microgram might be 
used; it is one millionth of a gram. 


Closely related to this multiple-of-ten prefix system is the power 
of ten or exponential notation used in physics. For example: 


100 is written 10 

1,000 = 10° 

1,000,000= 10° 

10 = 10! 
We have written multiples of ten (100, 1,000, etc.) as 10 to some 
power. The power is the number at the upper right (the 2 in 102). 
The power (or exponent) is the number of zeros in the original number 
or equivalently the number of times the number 10 is used as a multi- 
plier. | 

102 = 10 x 10 


The exponential notation is more than just compact. First, consider 
multiplication: 


10, 000 x 100, 000 = 1, 000, 000, 000 


or better 104 x 105 = 104 +5 = 109 


This means to multiply, add exponents. Second, since division is the 
reverse of multiplication, to divide, subtract exponents. For example: 


100, 000 _ 44 
10, 000 
5 
10" = 10° -4 = 10! 
104 


This means that an exponent may be removed from the bottom to the 
top of a fraction if the sign is changed. In the example the 4 becomes 
-4: or | 


1074 baat 
104 
or again 10° =—!_ 
107° 


Next, notice how we write the number 1. 


1 = 10 - yol-1 = 100 


10 
Finally, we have a way of writing numbers smaller than one: 


001= 1 = 109 = 109-3 = 1073 
1000 10° 


These rules have been stated for multiples of ten. They are useful 
for numbers in general; to illustrate we do a sample calculation: 


Find the density of this concrete block. 


Mass = 1000 kilograms 


\t— 200 £ 


6° 


Figure 1.2 Concrete Block 


mass 
volume 





1. density = 


2. volume = length x width x height 
103 x 10% 





3. so density = 35> cm x 50 cm x 20 cm 

4. _ 108 ss gm 

2.5x102x5x10!x2x10! cm? 
106 _gm_ 


2.5x5x2x104 cm? 


. 108-4 gm = 100 gm = 4gm 
ay. ca as ca 3 


cm cm cm 





So, this block is about four times as dense as water, which has a den- 
sity of roughly 1 gm/cm?. 


The problem was reduced to manipulations with small numbers 
(between 1 and 10) and the adding and subtracting of exponents. The 
procedure has been outlined in detail; in practice one or two steps 
would have been sufficient. Notice how the proper units for density 


—ER read grams per cubic centimeter) have appeared automatically. 
cm 


Two techniques, inclusion of units in calculation and exponential no- 
tation, will greatly simplify calculation in physics problems. 


Now we can rewrite our table of prefixes: 


mega = 106 
kilo = 10° 
centi 2 10°? 
milli = 1073 
micro = 1076 


1-2 MOTION 

The velocity of an object is known when its speed and direction of 
motion are specified. We represent this directed quantity by an arrow 
the length of which is proportional to the speed. For example: 


10 cm 





—_———P east 
sec 

5 cm west 
sec 


Now suppose the velocity itself changes in time - for example in 10 
seconds we go from this: 





10 cm 
sec 
to this: 60 cm 
sec 
The change in velocity is: 
50 cm 
—— uo m> 
sec 


and the time rate of change of velocity is: 


50 cm 
sec . 5 cm 
10 sec gece 





and is directed east. This quantity is called acceleration and is like 
velocity in that it has size and direction. Had the change occurred 
over an interval of 1 second, the acceleration would have been 


50 cm directed again to the east. 
sec2 





Here is another example. Suppose a mass moves as shown: 


20 cm 
sec 


during a time = 10 seconds the velocity changes to this: 


20 cm 
sec 


The net change in velocity is: 


40 cm 
sec 


nc EP 


So the acceleration is 4 — directed to the left. Notice that the final 
sec 

speed is the same as the initial speed. The acceleration is due toa 

change in direction. 





Imagine a meteor moving in space with constant velocity. If it 
changes its speed or its direction we suppose that it has been affected 
by a force; some sort of push or pull. The time rate of change of its 
velocity depends on two things: 


1. The force exerted (magnitude and direction). 
2. The mass of the object. 


From everyday experience we know that if more force is applied we 
get more acceleration. We remember also that if two objects are 
subjected to equal forces the one with less mass will undergo more 
acceleration. All this information is contained in the following equa- 
tion relating the three quantities force, mass, and acceleration: 


— >> 


F = ma 


The arrows indicate that the direction of acceleration is the same as 
that of the applied force. 


Finally, let's define a unit of force. Suppose a 1 gm mass is 
accelerated 1 cm/sec2. The force necessary to do this is defined as 
a unit force. From above: 


ml oy 
e 


Hl 
E 
a} 

ie 

B 


nif 
uh 


The metric unit of force is the 8™ ©™ - it is calleda dyne. 
sec 


1-3 WORK AND ENERGY 


The term work has been given an exact meaning by physicists. 
Work is done when an object is moved by a force, provided the force 
<.d the motion are in the same direction. Suppose a force of 1 dyne 
is exerted on an object while that object moves a distance of 1 cm. 


Work = Force x distance 
Work = 1dynexicm =1 dyne-cm 


This unit of work the dyne-cm, is called an erg. The erg is a rather 
small quantity. For example, it takes about 1000 ergs to lift an aspirin 
tablet a distance of 1 cm. Notice that, because of the definition, no 
work is done unless the motion is in the direction of the force. Toa 
physicist, holding a brick at arms length or carrying it at constant 
height is not work, but lifting it from the floor is. 


A system which can do work is said to have energy. Energy is 
then the capacity to work. A system may contain energy in several 
ways; some these forms of energy are potential, kinetic, heat, 
chemical, and electrical. 


Potential energy is energy of position. A weight that can be 
lowered is a good example: 





Figure 1.3 Weights and Pulley 


If W1 is permitted to drop, it will lift W2 against gravity thus doing 
work. In the up position W1 has the capacity to do work by virtue of 
its position so by definition has potential energy. 


Kinetic energy is energy of motion. A moving car has kinetic 
energy which can be turned into work by pushing over trees, pedes- 
trians, etc. Suppose the car were allowed to coast up a hill: 





Figure 1.4 Car Coasting Up Hill 


The kinetic energy is gone; in its place there is potential energy. 
Energy has not been destroyed - merely converted. 


Heat energy is the energy possessed by a body by virtue of its 
temperature. This heat may be used to generate steam which can run 
an engine and do work. Modern physics regards the temperature of 
an object to be due to the random motion or vibration of the atoms of 
which it is made, so heat energy may be considered a sort of kinetic 
energy. 


Chemical energy is the energy matter may have by virtue of its 
chemical composition. In the case of the moving car discussed above, 
the energy of motion was derived originally from the burning of gaso- 
line. For this reason the gasoline is said to have chemical energy. 
This energy resides in the changes in chemical bonding which can 
occur in burning - it is a sort of potential energy. 


Electrical energy is the energy of electric currents. An ordinary 
electric stove can heat and supply energy. This energy may come 
from the burning of coal or the fall of water in a power plant. Between 
the power plant and the stove, it is in the form of electrical energy. An 
electric current traversing a voltage difference delivers energy to it 
at a constant rate. Electric energy can also reside in the magnetic 
field surrounding a current carrying wire - this is how electric motors 
operate. 


Instead of a stove, consider a light bulb. In this device electrical 
energy is converted to light. Light is one type of electromagnetic 


radiation. Electromagnetic radiations include radio waves, radar, 

light, X-rays, and gamma radiation. These differ only in frequency 

of vibration. For instance, the frequency of standard broadcast radio 

is about 1500 kilocycles or 1.5 x 108 Cycles while red light has a fre- 
sec 

quency of around 5 x 1016 SyCtes. See figure 1.5. (A = angstrom = 

10-8 cm; » = micron = 1074 cm) 


The discussion of energy began with a definition: energy is the 
capacity to do work. We discussed various forms of energy and 
showed that one form could be converted to another. Unless nuclear 
reactions are involved, this interchangeability of energy can be stated 
as a physical law: 


Conservation of energy: Energy cannot be created nor de- 
stroyed: | 


A related law seems almost obvious: 
Conservation of matter: Mass cannot be created nor destroyed. 


That is, if we start with a kilogram of material, we can burn it, dis- 
solve it, heat it, accelerate it or disperse it; but, regardless of its 
final form or where it ends up, there will still be 1 kilogram of ma- 
terial. These twin conservation laws are no longer considered valid 
each by itself. In their place we have a law discovered by Einstein 
in 1905 which states: 


The total (mass + energy) is constant. 


If some mass disappears, an equivalent amount of energy will appear. 
The equivalence is given by the formula: 


E = mc? 
Mass is in grams 


c = speed of light = 3x 1019 cm 
sec 


Energy will be in ergs 
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Thus energy and mass can be interchanged. This has been demon- 
strated by experiment. Examples will be given in the section on 
fission and fusion (Chapter Six). 


1-4 CHARGE 


Everyone has at some time noticed how a comb attracts bits of 
paper as a result of a static electric charge. There are two kinds of 


charge: called positive (+) and negative (-). There are three rules 
concerning charge: 


CG) <> +) 


Figure 1.6 Like Charges 


2. Unlike charges attract. 


—> Cm 


Figure 1.7 Unlike Charges 


3. Force increases as the charges are brought closer. 


Figure 1.8 Charges 
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Consider two parallel metal plates insulated from each other. 
Suppose one has a positive charge while the other has a negative 
charge of the same magnitude. 


© 





t++++ 
Se ae 


Figure 1.9 Charged Plates 


If a positively charged particle were placed between the plates it 
would be subject to a force as shown. 


Sie eT 
F+++++4+4+4+444 


Figure 1.10 Charged Plates 


By moving this test charge to new positions we can map out the forces 
near the plates - yielding perhaps a result like this: 


‘aa 
HR RT IRIIR ECTS TELE TELE Te 


Wie HdUEGEE DEER UD bbe EEE 
WH EUS EH He HEE EE add a 


Wee AE ITED EED ES EE EE SEED LY 
Cen | 


Figure 1.11 Charged Plates Field 
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This is a picture of the electric field produced by the charged plates. 
It is rather clumsy s0 we agree to represent it by lines of force which 
are everywhere parallel to the arrows we have drawn. The field pic- 
ture is now this: 


Figure 1.12 Charged Plates Field Lines 


It tells us the direction of the force at any point, but does not say how 
strong it is. To indicate this we agree that the number of lines ina 
region will be made proportional to the force in that region. If we 
double the charges on our metal plates, the force on the test charge at 
any point will be doubled. The new field picture is this: 





Figure 1.13 Charged Plates Field Lines 


Electric fields and lines of force will prove to be useful ideas in later 
work. 
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CHAPTER 2 
STRUCTURE OF MATTER 


Man has long wondered about the structure of matter. As far 
back as the Greeks of 500 B.C., there were many imaginative ideas 
concerning the true nature of matter. These ideas were in many ways 
little more than philosophical notions. The Greek, Empedocles, be- 
lieved that all matter was composed of four basic substances, or ele- 
ments: earth, air, fire, and water. Other Greeks, the atomists, 
such as Epicurus and Democritus, thought that all matter consisted 
of elemental, indivisible units called atoms. 


2-1 ELEMENTS 


With the advent of scientific methods, man discovered the basic 
substances of which all matter is composed - the natural elements. 
Water was separated into hydrogen and oxygen. Air was found to be 
basically a mixture of oxygen and nitrogen. They and the other ele- 
ments that were discovered could not be further divided into simpler 
substances; thus the name element, a basic substance. There are 
ninety-two natural elements, these include for example: Iron, Sulfur, 
Aluminum, Carbon, Sodium, and Chlorine. Several others have been 
produced artificially, for instance, Plutonium. 


Scientific analysis has shown that the Greek atomists were, ina 
sense, correct in that elements are composed of basic units or atoms. 
Each element has its own characteristics and its own characteristic 
atoms. An atom is the smallest unit of an element that possesses all 
the characteristics of the element. An element is a substance which 


cannot be separated into simpler substances by ordinary chemical 
means. 


2-2 ATOMS 


The Greek atomists were, however, in one sense incorrect. For 
atoms have been found to be divisible; atoms have been: divided into 
more fundamental particles called electrons, protons, and neutrons. 
The electron was first discovered as the basic unit of electricity. It 
is a.very tiny, negatively charged particle considerably lighter than 
an atom. The proton is a positively charged particle having exactly 
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the same magnitude of charge as the electron; however, it is much 
larger than the electron in mass, being approximately 1840 times the 
electron mass. A gram of protons contains roughly 6 x 1023 protons. 
After the discovery of the electron and the proton, the neutron was 
predicted as the particle that would be formed if a proton and electron 
were closely combined. It would thus be neutral in charge. In 1932, 
the neutron was actually discovered as predicted. 


There was still the problem of determining how these basic par- 
ticles are arranged to make up an atom. It has been learned that 
atoms are composed of a positively charged central mass called the 
nucleus (which contains protons and neutrons) and electrons which 
move in orbits or shells around, but very far from, this nucleus. 
Most objects in the world have no charge on them; therefore we can 
reasonably suppose that the atoms of which matter is composed are 
electrically neutral; that is, they have no net charge. Thus atoms 
normally contain exactly as many electrons moving in shells around 
the nucleus as there are protons in the nucleus. There are no elec- 
trons as such in the nucleus, since neutrons are distinct particles 
different from either protons or electrons. Thus, because the elec- 
trons are very small in mass, and since they move around the nucleus 
at distances relatively far from the nucleus, the atom is primarily 
empty space with the major portion of its mass concentrated in the 
nucleus. An atom is about 10-8 cm in diameter; this essentially re- 


fers to the diameter of the electron orbits, a nucleus is about 10-12 cm 
in diameter. 








Neutrons being neutral in charge do not affect the chemical na- 
ture of the atom, and it is the number of protons in the nucleus 
which determines the element to whicn the atom belongs. For ex- 
ample, an atom of the lightest element, hydrogen, has one proton in the 
nucleus and one electron traveling around the nucleus. An atom con- 
taining two protons in the nucleus and two electrons traveling around 
the nucleus belongs to the element helium. Similarly the ninety- 
second natural element, uranium, is composed of atoms containing 
ninety-two protons in the nucleus and ninety-two electrons traveling 
in shells around the nucleus. The number of neutrons in the nucleus 
of atoms of any particular element varies, but there are usually more 
neutrons than protons in the nucleus of an atom. Two atoms of the 


same element with different numbers of neutrons are called isotopes. 


2-3 ELECTRON ORBITS 
The electrons are not distributed at random about the nucleus, 


but exist in arrangements which follow definite laws. The model of 
the atom proposed by Niels Bohr in 1913 pictures the electrons as 
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ELECTRON 


S = APPROX. 400FT IF 


PROTON DRAWN TO SCALE FOR 
NUCLEUS NEUTRON PROTONS AND 
NEUTRONS OF SIZE 
SHOWN. 


Figure 2.1 Typical Simple Atom 
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moving in circular orbits about the nucleus; although we now know this 
model is not strictly correct, its features give a good explanation of 
the simple phenomena which we wish to consider in this book. We 
might draw a picture of the hydrogen atom like: 


ELECTRON 


PROTON 


Figure 2.2 Hydrogen Atom 


Now the next heaviest element after hydrogen is helium. This con- 
tains two protons in the nucleus and consequently two electrons re- 
volving about the nucleus. Both these electrons may be thought of as 
roughly the same distance from the nucleus. It turns out that no more 
than two electrons will ever be found at this distance from the nucleus 
in helium. Of course this is not surprising with helium, but this is 
also true of elements with more than two protons in the nucleus. Both 
these electrons are said to lie in a shell. 





Cau. (A) ELECTRON 
O@ 
(+X ) PROTON 
KS 


Figure 2.3 Helium Atom 


We see that in helium the first shell has two electrons in it. No more 
than two electrons may be present in this shell no matter what atom 
is under consideration. Normal hydrogen has only one electron in 
this shell so that we call the shell incomplete. Of course it is neces- 
sary to have more than two electrons for atoms which have more than 


18 


two protons in the nucleus. In this case the rest of the electrons in 
excess of two will lie in shells past the first one. The shells are nor- 
mally designated by capital letters, the first shell being denoted by 

K, the second by L, the third by M, etc. It is possible that one of the 
electrons revolving about a helium nucleus might be in the K shell and 
the other in the L shell. This puts only one electron in the K shell, 
and the K shell can hold two. The electron in the L shell will jump 
back into the K shell and in the process give off a bit of electromag- 
netic energy. For this particular case there will be light of a fre- 
quency in the visible range. Sometimes this bit of electromagnetic 
energy given off is called a photon. 


a 


So 


iad 


: Figure 2.4 Excited Atom 


Therefore,the electron structure has a great deal to do with the emis- 
sion of radiation from matter. One way in which these electron jumps 
can be arranged to occur in large numbers is to build a neon lamp. 
The electric current passing through the neon gas knocks some of the 
electrons into higher shells, and in jumping back light is given off. 
Sometimes the jump is referred to as a jump from one energy level 

to another. 


2-4 CHEMICAL PROPERTIES 


The electron structure of an atom also determines the chemical 
properties of an atom. So far we have talked only about filling up the 
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K shell. In order to fill up the L shell 8 electrons are required. Let 
us look at an oxygen atom. This has eight protons, eight neutrons, 
and therefore eight electrons revolving about the nucleus. Two of the 
eight electrons will be found in the K shell. This means that six are 
in the L shell in a normal oxygen atom. In order to fill the L shell 
and make it complete, two more electrons would be needed. Now 
most atoms would like to fill up their outer shell. But for oxygen this 
would mean that it would have a total negative charge of -2. It is pos- 
sible that the oxygen atom could borrow enough electrons from hydro- 
gen atoms to complete the L shell. Two hydrogen atoms would be 
needed. The oxygen atom would have a net charge of -2, and each 
hydrogen atom would then be left with a positive, +1, charge. Since 
positive attracts negative, this group of particles would tend to hold 
together. This is one way of describing what is meant by a chemical 
combination. This group is called a molecule of water. (See Figure 
2.5.) Notice that the total charge of the oxygen plus the hydrogens is 
zero. A molecule of water is quite stable; the hydrogen and oxygen 
do not separate very easily. Sometimes this molecule is called H9O, 
and now the reason is obvious. When the atoms of different elements 
combine in this way, the substance formed is called a compound. 
Here the compound, water, is made up of H2O molecules. 


Often in the process of forming compounds large amounts of 
energy are given off. Hydrogen gas may explode violently, and when 
it does it is simply combining with oxygen to form water. 


Another type of molecule encountered.can be formed by hydrogen. 
There is no reason why a hydrogen atom cannot unite with another 
hydrogen atom. In this case there would be two electrons running 
around two hydrogen nuclei. Here the K shell would be complete at 
least part of the time for each hydrogen atom. (See Figure 2.5.) This 
sort of molecule is called a diatomic molecule. Hydrogen gas is com- 
posed of diatomic molecules of hydrogen. 


It is therefore apparent that the electron structures of atoms are 
important things. They determine the way in which compounds are 
made, and the world we live in is composed mostly of compounds. 
Also, the electron structure is intimately involved in the production of 
visible light and other electromagnetic radiation. The simple model 
used here may be employed to explain such things as the operation of 
a geiger tube, and therefore will be used in chapter 8 on Radiation 
Detection. 


2-5 ATOMIC NOTATION 


In order to simplify discussions concerning elements and atoms, 
a standard notational form is used to talk about atoms. It is based 
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MOLECULE OF WATER 






HYDROGEN ATOMS 
1 PROTON lea 
1 ELectron{(~°" 


OXYGEN ATOM 
8 PROTONS 
6 NEUTRONS 
8 ELECTRONS 


MOLECULE OF HYDROGEN GAS 


Figure 2.5 Descriptive Pictures of Molecules 
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upon the primary characteristics of the atom. The first of these char- 
acteristics is the number of protons in the nucleus of the atom, which 
in a neutral atom is also the number of electrons in shells around the 
nucleus. This number, which determines the element to which the 
atom belongs, is called the atomic number. It is usually symbolized 
by the capital letter ''Z". The second primary characteristic is the 
number of neutrons in the nucleus, a factor which to some degree de- 
termines the nuclear characteristics of the atom. The number of 
neutrons in the nucleus is described in terms of the total number of 
major particles in the nucleus, the total number of nucleons (sum of 
neutrons and protons), called the atomic mass number. It is usually 
symbolized by the capital letter "A". Therefore the number of neu- 
trons is given by A-Z. In addition each element has its own symbol 
or abbreviation, such as H for hydrogen, or Fe for iron. The stand- 
ard notation takes the following form: 


A 
X 
Z 


with the letter X representing the symbol of the element to which the 
atom belongs, Z representing the atomic number, and A representing 
the atomic mass number for the particular isotope. Using this no- 


tation, an atom can be easily described. For example, u235 is an 
atom with 92 protons ( Uranium: Symbol U), 92 electrons in shells 
around the nucleus, and a total of 235 nucleons in the nucleus. Since 
92 of the nucleons are protons, there are 143 neutrons in the nucleus 
of this atom. 


2-6 ISOTOPES, ISOBARS, AND ISOMERS 


Isotopes can thus be defined as atoms of the same element which 
have different atomic mass numbers. The term isotope is generally 
used to indicate any particular atom or nucleus (See Figures 2.6 and 
2.7.), and the term nuclide is generally used to indicate any particular 
nucleus. 


Two other terms which are sometimes of importance are isobars 
and isomers. Isobars are atoms of oe elements which have the 
same atomic mass numbers such as A and .He® (See Figure 2. 8. ), 
and isomers are identical atoms or nuclei which differ in energy level 
characteristics of the nuclei. When one of two atoms which have the 
same atomic number and the same atomic mass number has an excess 
of nuclear energy, it is said to be an isomer. It will eventually release 
this energy as a photon of electromagnetic radiation. 
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1 PROTON 
1 ELECTRON 


1 
4 


(PROTIUM) 


1 PROTON 
1 NEUTRON 
1 ELECTRON 


H2 


(DEUTERIUM) 





1 PROTON 
2 NEUTRONS 
1 ELECTRON 


Go ,H3 


(TRITIUM) 





Figure 2.6 Isotopes of Hydrogen 
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Figure 2.7 Two Isotopes of Oxygen 


1H® (Tritium) 


1 proton 
2 neutrons 
1 electron 





oHe® (Helium-3) 


2 protons 
1 neutron 
2 electrons 








Figure 2.8 Example of Isobars 
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2-7 ATOMIC MASS, MASS DEFECT, AND BINDING ENERGY 


Thus far, nothing has been said about the actual masses of atoms. 
Mass, it must be remembered, is the quantity or measure of the quan- 
tity of matter, and atomic mass is the quantity or measure of the 
quantity of matter inan atom. Atomic mass differs distinctly from 
atomic mass number, which is nothing more than the total number of 
nucleons in the nucleus of an atom. Because common mass units are 
much too large to conveniently describe the masses of atoms, a new 
unit is defined: the atomic mass unit. The atomic mass unit (amu) 


is a relative unit defined by arbitrarily assigning to the atom 2016 a 
mass of 16 amu. The masses of other atoms are then determined by 
comparing them to g0!6. For example, 92295 has a mass of 


235. 11750 amu. Likewise, the masses of the proton, the neutron, 
and the electron have also been determined: 


proton mass 1. 00759 amu 
neutron mass 1. 00899 amu 
electron mass 0. 00055 amu 


One might believe that the mass of an atom could be determined by 
counting the number of neutrons, protons, and electrons and simply 
adding the masses of these basic particles. Let's experiment with 


gF119, a common isotope of flourine. This isotope has 9 protons, 9 
electrons, and 10 neutrons. 


nine protons 9x 1.00759 = 9.06831 amu 
nine electrons 9 x 0.00055 = 0.00495 amu 


ten neutrons 10x 1.00899 = 10. 08990 amu 
19. 16316 amu total 


19. 16316 amu represents the sum of the masses of the basic particles 


in the 9F119 atom. From the table of atomic masses in the appendix, 
we find that the known mass of this isotope is 19.00445 amu. The 
difference between the known mass and the sum of the masses of the 
particles is 0.15871 amu. It is seen that somewhere in our calculation 
there is an apparent error of 0.15871 amu. It appears that the 

gF 119 atom is missing this amount of mass. Careful study has shown 


that this is really not an error, but rather that when an atom is formed 
from the basic particles a certain amount of mass disappears and 
changes to energy which is released in accordance with Einstein's 
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E = me?, This mass that is lost is called the mass defect. Every 
different atom has a different mass defect. The energy that is re- 
leased when an atom is formed from the basic particles is proportional 
to the mass defect and is called the total binding energy of the atom. 
Conversely, this total binding energy is the energy that is necessary 
to break an atom into its fundamental parts: Protons, neutrons, and 
electrons. 


Because binding energies for particular atoms are much smaller 
than energies we are familiar with in everyday life, a small unit of 
energy must be used to describe them. An electron volt (ev) isa 
useful small unit of energy commonly used in nuclear physics. To 
define an electron volt consider the two parallel charged plates used 
in section 1-4. Consider that they are charged because a one-volt 
battery has one of its poles attached to one of the plates and the other 
pole attached to the other of the plates. If an electron is released 
near the surface of the negative plate, it will be attracted to the positive 
plate since an electron is negatively charged. The amount of kinetic 
energy that it will possess when it hits the positive plate will be equal 
to one electron volt. Usually, in nuclear events, units of millions of 
electron volts (Mev) are used. 


The binding energy for an atom can be determined by E = Mx931, 
in which E is the energy in millions of electron volts (Mev), M is the 
lost mass (mass defect) in atomic mass units, and 931 is a constant. 
This formula is derived from E = mc@, and can be used to determine 
any energy release whenever mass (expressed in amu) disappears. 


For the example of gF119 the total binding energy would thus be 

0. 15871 x 931 = 147. 75901 Mev or approximately 147.8 Mev. The 
binding energy of the nucleus is considered to be equal to the binding 
energy of the whole atom because it takes considerably more energy 
to separate neutrons and protons from the atom than it takes to sepa- 
rate electrons. That is to say, the binding energy of the electrons is 
small compared to the binding energy of the nucleus. So, for gF 119, 
147. 8 Mev is said to be the total binding energy of the nucleus as well 
as the total binding energy of the atom. 


An important factor when considering the stability of a nucleus is 
the average binding energy per nucleon. The binding energy per nu- 
cleon is simply the total binding energy of the nucleus divided by the 
total number of nucleons in the nucleus. It represents approximately 
the amount of energy needed to remove one nucleon from the nucleus. 
For oF, by dividing the binding energy of the nucleus by the atomic 
mass number, the binding energy per nucleon is seen to be: 


147.8/19 = 7.8 Mev 
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This means it would take approximately 7.8 Mev to remove one proton 
or one neutron from the nucleus of this atom. 


Although total binding energy is larger for larger nuclei, that is, 
nuclei with larger atomic mass numbers, binding energy per nucleon 
varies as shown in figure 2. 9. 
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Figure 2.9 Binding Energy Per Nucleon 


This graph shows the binding energy per nucleon for various atom- 
ic mass numbers from 0 to 240. In general, it can be seen that the 
middle range nuclei have the highest binding energy per nucleon. This 
means that it takes more energy to remove a nucleon from a nucleus 
of the middle range nuclei than from the very light or very heavy nu- 
clei. Because of these strong nuclear bonds, the nuclei with the 
highest binding energies per nucleon are the most stable and the least 
likely to undergo either fission, the process of splitting a nucleus into 
two lighter nuclei, or fusion, the process of combining two light nuclei 
into one larger nucleus. 


2-8 AVOGADRO'S NUMBER 


It may be necessary in some cases to find out how many atoms 
are in a certain amount of material. If one takes the atomic mass of 
an atom of any isotope in grams (gram atomic mass), there will always 
be approximately 6. 02 x 1023 atoms in that amount of material. This 
number is called Avogadro's number. For the case of y235 the atomic 
mass is 235. 11750 amu, or approximately 235.1 grams of this isotope 
would contain 6. 02 x 1023 atoms. By simple comparison one can 
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easily find the number of atoms in any amount of material. For ex- 
ample: suppose one desires to find the number of atoms in 28 grams 
of ogFe°o. The atomic mass as found in the table is approximately 
56.0 amu. Thus if we have 56.0 grams of o9¢gFe°S we will have 
6.02 x 1073 atoms. But we have only 28 grams which is 28/56 


or half as much material. We thus have one-half as many atoms, or 
1/2 x 6. 02 x 1023 atoms. 
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CHAPTER 3 
RADIOACTIVITY 


In the last century a scientist by the name of Becquerel found 
that uranium salts had the curious property of being able to cause ex- 
posure of photographic plates although the plates had been shielded 
from light. He attributed this phenomena to a mysterious "radiation" 
emitted by the uranium. 


3-1 ALPHA, BETA, AND GAMMA 


More detailed work on this phenomena was done later by using 
magnetic and electric fields to deflect this mysterious radiation. In 
this way three basic types of radiation were separated and identified. 
One type of radiation could not be deflected by a magnetic or electric 
field. This was called gamma radiation (7). Another type of radia- 
tion appeared positively charged and could be slightly deflected. 

This type was called alpha radiation (a). And still another type ap- 
peared negatively charged and was much deflected. This type was 
called beta radiation (6). (See Figure 3.1.) 


Gamma was found to be a form of electromagnetic radiation sim- 
ilar to X-rays. It is a very high-energy, high-frequency radiation, 
which cannot be easily stopped or absorbed. Like X-rays, gamma 
rays have very strong penetration ability. The range in air can be 
said to be basically hundreds of meters. 


On the other hand alpha and beta radiations are actually parti- 
cles. The alpha particle is a close combination of two protons and 
two neutrons. It is thus positively charged (+2) and is in effect a 
fast-moving 9He“ nucleus. In fact, when an alpha particle is slowed 
down enough, it will pick up two stray electrons and become a helium 
atom. The range of an alpha particle in air is only about 5 cm, al- 
though the actual range depends upon the kinetic energy. 


The beta particle is really nothing more than a fast moving elec- 
tron which is ejected from the nucleus of an atom. Like all electrons 
it has a negative charge. It has a range, dependent upon its energy, 
of about 5 meters in air. A good rule of thumb is that the beta goes 
4 meters in air for each million electron volts of energy it possesses. 
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Figure 3.1 Deflection Experiment 


These then are the three fundamental types of radiation: alpha 
oa is given the symbol 5 @ 4 beta which is given the symbol 
.1 6°, and gamma which is given the symbol 07° All these radia- 
tions originate in the nuclei of atoms. 


3-2 RADIOACTIVE DECAY 


Certain types of nuclei are by nature unstable. These unstable 
nuclei can attempt to reach a stable state by emitting a beta particle 
or an alpha particle and/or a gamma wave. Different types of nuclei 
will have their own characteristic mode of radioactive decay. Some 
may be always alpha emitters, some may emit beta and gamma, etc. 


When a beta particle is emitted from the nucleus of an atom, the 
nucleus changes to a new nucleus by changing a neutron into a proton 
in the process of decay. In fact the major characteristic of nuclei 
which tend to decay by beta emission is that they have too many neu- 
trons to be considered stable. It is found that there are certain 
neutron-to-proton ratios (number of neutrons divided by the number 
of protons) which are stable. The stable neutron-to-proton ratios 
are shown in figure 3.2 as points on a graph of neutrons versus pro- 
tons with the appropriate atomic mass number indicated. Any nucle- 
us which should fall to the left would have too many neutrons and one 
would expect a nucleus with too many neutrons to decay by beta emis- 
sion. A neutron in the nucleus, in effect, changes into a proton and 
an electron which is emitted as a beta particle. The new nucleus 
thus has no change in atomic mass number, but the atomic number 
increases by one. (See Figure 3. 3.) 


When an alpha particle is emitted from the nucleus of an atom, 
the nucleus also changes to a new nucleus because it loses two neu- 
trons and two protons which make up the alpha particle. The new nu- 
cleus has a decrease in atomic mass number of four and a decrease 
of atomic number of two. (See Figure 3. 4.) 


Gamma decay may occur alone in the case of an excited nucleus, 
that is, a nucleus which has more energy than is necessary for sta- 
bility. The extra energy is given off in the form of a photon of gamma 
radiation and the nucleus does not change in structure since it still 
has all of its protons and neutrons. More often gamma radiation may 
be emitted in conjunction with other types of decay; especially it might 
be emitted in conjunction with beta decay. 


In every case of natural radioactivity, the radiation emitted must 


have energy. Alpha and gamma are both emitted with particular and 
distinct energies depending upon the type of nucleus from which they 
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TRITIUM NUCLEUS(HYDROGEN-3) FORMING 
A HELIUM NUCLEUS BY BETA DECAY 


G+ B+ 


,T* ——— +, He*+., B° + ENERGY 


STRONTIUM-90 NUCLEUS FORMING 
A YTTRIUM NUCLEUS BY BETA DECAY 


E)—G)+ < 


Si > soY +-:8° + ENERGY 
Figure 3.3 Examples of Beta Decay 


35 


URANIUM- 235 NUCLEUS FORMING 
A THORIUM NUCLEUS BY ALPHA DECAY 


__.f 90P i 
141 N 


92 yess ———————# 991 23! + 2at*+ ENERGY 


ergs 210 NUCLEUS FORMING 
A LEAD NUCLEUS BY ALPHA DECAY 


84 P 82 P 
126 N 124 N 


eaPo7 0 —————» 92 Ph®°F + aa* + ENERGY 


Figure 3.4 Examples of Alpha Decay 
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are emitted. These discrete energies are accurately known for most 
radioactive isotopes. Beta particles, however, may be emitted with 
various energies up to a maximum energy which is a characteristic 
of the particular radioactive isotope. The energy for a given alpha 
emission or the maximum energy for a given beta emission can be 
easily calculated since, whenever energy is released, mass disap- 
pears. For any particular reaction, one can find the difference be- 
tween the initial mass and the mass that remains after the reaction 
and use E = mc? to determine the energy from the mass that disap- 
pears. 


Example of Beta Emission Energy Problem: 


ggsr20 at 89 + gg¥70 + energy 


initial mass: The mass of ggor?e = 89.93577 amu 


For the final mass one must consider the masses of both the 9X" 
and the beta particle. Also it is seen that, although ggsr20 has 38 

orbital electrofis, 39X90 has $9 orbital electrons. This extra or- 

bital electron is not formed in the reaction but must be picked up 


from some outside source. Since it was not part of the original mass 
of the reaction, it must be subtracted from the final mass of the reac- 


tion. This means the final mass is the mass of ggY" +1 p° - €. 
Since this extra electron mass which must be subtracted is the same 
as the mass of the beta particle which must be added, beta emission 


problems can be easily worked by simply ignoring the extra electron 
and the beta particle. 


Final mass: mass of 5,¥°° = 89. 93520 amu 


The final mass is subtracted from the initial mass to give the mass 
lost. 


89. 93577 
- 89. 93520 
. 00057 amu lost mass 


Multiply by 931 to find energy released. 


. 00057 
931 
. 50067 or approximately .53 Mev 
Since this is a beta emission, this actually represents the maximum 
energy one would expect, and beta particles of any energy up to .53 
Mev could be emitted by sr 90, 
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Examples of Alpha Emission Energy Problem: 
ggBi2714—_~, a44 g1 T1710 
initial mass ,Bi714 = 214. 06552 amu 


For the final mass we must consider not only the masses of the 
3171210 and the 9 a4 put also the mass of two electrons that are 
missing since g1 71710 has two less electrons in orbit than ggBi-24. 


Final mass 9;TI2!* = 210. 05561 
9 %4= 4.00277 


2 electrons = 0.00110 
amu 


Subtract final mass from initial mass to find mass 
lost. 


214. 06552 
- 214. 05948 
~  . 00604 amu 


Multiply mass lost by 931 to find energy 


. 00604 
X 931 
5. 62524 or approximately 5.6 Mev 


5.6 Mev is the energy of alpha particle emitted from ggBi2!4. 
3-3 DECAY CHARACTERISTICS 


Radioactivity can be defined as the process by which one or more 
types of radiation are emitted from a nucleus because the nucleus is 
unstable. Although we can predict from experience and observation 
if a nucleus is unstable, it is impossible to predict accurately when 
a particular nucleus will undergo radioactive decay. Radioactive iso- 
topes do have characteristic average rates of decay by which they can 
be described. The rate of decay for a particular radioactive isotope 
is described statistically for a large number of atoms in much the 
same way that an insurance company can predict the life span for a 
man living in the United States, although no one can accurately tell 
when any particular individual will die. This use of a large number 
of atoms is valid because even a very small amount of material has 
a very large number of atoms as seen from Avogadro's number. 

Two related characteristics, the decay constant and the half life for 
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a particular radioactive isotope, are used to describe rate of radio- 
active decay. 


The decay constant is the instantaneous fraction of atoms per 
unit time that are decaying. Its units are thus a fraction per unit of 
time, and the mathematical relationship can be expressed. 


AN = instantaneous decay rate 


The Greek letter lambda (1) symbolized the decay constant; N is the 
total number of atoms of the particular radioactive isotope being con- 
sidered; and the instantaneous rate of atoms decaying is the number 
of atoms decaying per unit time. The A depends of course on the 
type of nucleus under consideration and will be different for different 
nuclei. 


The decay constant is particularly useful for determining the in- 
stantaneous units of activity for a given amount of a radioactive iso- 
tope. The basic unit of radioactive activity is the curie which is 
defined as 3.7 x 1010 disintegrations per second. “A curie can also 
be considered as the amount of material which has a decay rate of 
3.7 x 10! disintegrations per second. The curie strength for a given 
number of atoms of a particular radioactive isotope can be calculated 
by multiplying the number of atoms of the isotope by the decay con- 
stant for the isotope to give the instantaneous decay rate and dividing 
this rate by 3.7 x 10 10 disintegrations per second to determine the 
number of curies of activity. This is expressed mathematically as: 


_-___ AN 
3.7 x 1010 


Another useful way to consider radioactive decay is in terms of 
half life. The half lifefora particular radioactive isotope is the time 
required for one-half of a given amount of the isotope to decay. 
Again this is a statistical term based upon a large number of atoms. 
As long as we have a large number of atoms of a radioactive isotope, 
half of the atoms will decay in one half life, and so on, so that even- 
tually only a small fraction of the original isotope remains. (See 
Figure 3.5.) 
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Relative activity (%) 





Time (multiples of half life) 


Figure 3.5 Decay of Radioactive Substance. 


Half life can be in any convenient time units. The half lives for radio- 
active isotopes can be found in suitable tables or from a nuclide 
chart. Some typical examples of half lives are: 


92238 alpha emitter: 4.51.x 109 years 
g4P0210 alpha emitter: 138.4 days 
94Pu299 alpha emitter: 24,300 years 
ggsr20 beta emitter: 28 years 

ggRa226 alpha emitter: 1600 years 
gLi® beta emitter: 0.86 second 

1T° beta emitter: 12.6 years 


The following mathematical relationships can be used to directly de- 
termine half life when the decay constant is known, or vice versa: 


_ 0.693 _ 0.693 
41/2 2 A= Ty/2 


Here Tj /2 stands for the half life. 


40 


If a given number of atoms or a given amount of a particular 
radioactive isotope is allowed to decay for one half life, only 50% of 
the original isotope will remain. If allowed to decay for another half 
life, only 25% will remain. If allowed to decay for another half life, 
only 12-1/2% of the original isotope will remain. Likewise for each 
half life of decay, one-half of the remaining atoms will decay. 


When a nucleus undergoes radioactive decay, it is attempting to 
reach a more stable state, but the new nucleus that is formed may 
also be radioactive. In fact, a whole chain of radioactive "daughter" 
nuclei may be formed until a nucleus is reached that is stable. There 
are many chains of radioactive isotopes of this type. They are called 
radioactive decay series. Isotopes in a decay series will each emit 
their own characteristic radiations with their own characteristic half 
lives. See page 43. 
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Figure 3.6 Radioactive Decay Nomogram 
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CHAPTER 4 


INTERACTION WITH MATTER 


By observing the effects of radiation on matter and the transfer 
of energy which occurs, we can learn much about the nature of radio- 
activity. Interaction takes place when a radioactive particle or wave 
strikes or passes close enough to an atom to cause a change in the 
atom or the radiation. 


4-1 IONIZATION, EXCITATION, AND ABSORPTION 


An ion is an atom or group of atoms which has an electrical 
charge. The charge can be either positive or negative. Ionization 
occurs when an atom gains or loses an electron, causing the total 
electronic charge to be numerically unequal to the positive charge of 
the nucleus. The product of an ionizing event is usually an ion pair 
of opposite and equal charge. If an ion is produced by losing an elec- 
tron then the electron is free to join another neutral atom, producing 
another ion. Interaction of radiation with matter can produce ions by 
imparting energy to orbital electrons and stripping them from their 
atom with a resultant loss of energy by the radiation. Some atoms 
have orbital electrons which are bound loosely to their nucleus so 
that they are easily removed from their orbits by external energy 
such as radiation. Generally the energy necessary for an ionizing 
event will decrease with elements of increasing atomic number. An 
atom can lose more than one electron when ionized; when two elec- 
trons are lost, the atom is said to be doubly ionized. 


Different forms of radiation vary in their ability to ionize. The 
measure of ionization ability is specific ionization, which may be de- 
fined as the number of ion pairs produced when radiation passes one 
centimeter through a substance. Specific ionization will vary for 
different materials and for different radiations. 


In many cases the amount of energy imparted to an electron is 
insufficient to ionize the atom, but will cause an electron to jump in- 
to a new higher energy orbit around the same atom; this process is 
called excitation. We saw in chapter 3 that the electron in an exci- 
tated atom falls back into its normal orbit giving off energy in the 
form of a pulse of electromagnetic radiation. Many of the wave 
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lengths found in this process are visible light. Excitation and ioniza- 
tion can be compared to stretching a rubber band. Applying energy 
to the elastic band is similar to applying excitation energy to an elec- 
tron. Energy is released when the elastic band is released and con- 
tracts to its original form. When the band is stretched beyond its 
limit, it snaps; and when the electron receives enough energy, it is 
released and the atom is ionized. 


Absorption is the transformation of radiant energy into other 
forms of energy when passing through a medium. 


4-2 a (ALPHA) PARTICLE INTERACTION 


We remember that a (alpha) particles have the same makeup as 
the nucleus of a helium-4 atom. Alpha particles are fast moving 
particles consisting of two protons and two neutrons giving the par- 
ticle a charge of +2 and a mass of 4.00277 amu. Alpha particles 
have the highest specific ionization of ordinary types of radiation be- 
cause of their large mass, double charge, and speed. Although an 
alpha particle has a very high speed, it travels slower than other 
types of radiation of similar energies; and, therefore, it has more 
time in passing an atom to exert its influence on it. The alpha par- 
ticle ionizes by attracting electrons from their orbits. In forming 
an ion pair, an alpha particle loses about 35.5 ev of energy. In ion- 
izing a hydrogen atom, only 13.6 ev are needed; the extra energy in 
this case is given to the electron as kinetic energy, imparting mo- 
tion to the electron. Let us consider a 5.15 Mev alpha particle, 
which has a range of 3.68 cm in air. Plutonium-239 gives off a 5.15 
Mev alpha particle. 


To calculate Specific Ionization: 


5.15 x 109 ey 


= 5; 
5.5 ev/ion pr 1.45 x 10° ion pairs 


Total Ion Pairs = 


Specific _ 1.45 x 10° ion pairs _ 3 95 x 104 ion pairs/cm 
Ionization 3.68 cm 


An alpha particle is capable of exciting an atom. This is more 
probable when a particle is traveling at a high velocity, so that the 
particle has less time to exert its influence on the electron. The 
specific ionization of an alpha particle decreases with an increase of 
the velocity of the particle. (See Figure 4.1.) 
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Figure 4.1 Specific Ionization Versus Energy for a Particle 


Alpha particles from a given radioactive isotope have almost the same 
range. This is because alpha particles are emitted from a particular 
isotope with discrete energies. Slight variations in the range occur 
because the path of the particle through the medium determines the 
number of ion pairs formed. 
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Figure 4.2 Alpha Intensity Versus Range 


The Specific Ionization of alpha particles will vary as shown in figure 
4.3. 
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Figure 4.3 Specific Ionization Versus Range for Alpha Particles 


The velocity of the alpha particle decreases as it passes through the 
material. The ionizing ability increases and reaches a maximum 
just prior to reaching the end of its path. At the end of its path, the 
particle takes on electrons and becomes a helium atom. 


4-3 6 (BETA) PARTICLE INTERACTION 


A beta particle is nothing more than a high-speed electron. Be- 
cause of its smaller charge (-1) and its smaller mass (0.00055 amu), 
it has roughly 1/100th the specific ionization of an alpha particle, but 
100 times the range. Because of its high velocity, a beta particle 
must pass closely to an atom to ionize it so that its weak charge can 
be effective in the short time allowed. 


The specific ionization of beta particles at low energies is high 
_and drops off as energy increases. At about 1 Mev, however, the 

specific ionization approaches a minimum and then begins to increase. 

(See Figure 4. 4.) 
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Figure 4.4 Typical Plot of the Specific Ionization of 
8 Particles Versus Energy 


An effect peculiar to high-energy beta particles is that they emit 
energy in the form of X-rays when they pass close enough to a heavy 
nucleus to be deflected. This is called the 'Bremsstrahlung" or brak-~ 
ing radiation because the particle is slowed down by attraction in 
passing close to a nucleus. No ionization occurs here, but the beta 
particle is scattered in this process. Orbital electrons also cause a 
negligible scattering of beta particles by repelling them. Figure 4.5 
shows the energy losses due to ionization and Bremsstrahlung. 
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Figure 4.5 Energy Loss of B Particles 


There is a definite limiting range for absorption of betas emitted 
by any particular isotope. It follows the curve in figure 4. 6. 
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Figure 4.6 Beta Intensity Versus Range 
4-4 7 (GAMMA) RAY INTERACTION 


Gamma rays are electromagnetic waves which, like all electro- 
magnetic waves, exist as little bundles of energy called photons. Be- 
cause they do not have a charge, they interact in a different manner 
than alpha and beta particles. They interact through the Photoelec- 
tric Effect, the Compton Effect, and Pair Production. 
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4-5 PHOTOELECTRIC EFFECT 


A gamma ray photon can physically collide with an orbital elec- 
tron so that the energy of the photon is completely absorbed causing 
ionization. As can be seen in figure 4.7, this ionization is a low- 
energy interaction, which rapidly decreases with an increase in en- 
ergy. The probability of the Photoelectric Effect is greatest with 
higher Z atoms and lower-energy gamma rays. 


PROBABILITY OF 
PHOTOELECTRIC 
EFFECT 


|MEV 5 MEV 
ENERGY 


Figure 4.7 Dependence of the Photoelectric Effect Upon Energy 
4-6 COMPTON EFFECT 


A gamma photon can interact with an orbital electron in sucha 
manner that only part of its energy is given to the electron. The 
photon suffers a loss of energy and is scattered as it ionizes the 
atom. This effect is maintained at higher energies than the photo- 
electric effect, but drops off rapidly in much the same manner. 
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Figure 4.8 Variation of Compton 
Scattering With Energy of the Incident Gamma 


4-7 PAIR PRODUCTION 


When a high-energy gamma photon passes in the vicinity of a 
heavy nucleus, it can change from electromagnetic energy into an 
electron and a positron (a particle of the same mass of an electron 
but with a positive unit charge). Energy mass transformation is giv- 
en by E = mc2. The mass of each particle is 0.00055 amu. One amu 
is convertible to 931 Mev. Using E = m x 931, the energy required 
for a single pair production is (2) (0.00055 amu) (931) = 1.02 Mev. 
The presence of the nucleus is necessary to conserve momentum. 
There is also a phenomenon called inverse pair production or annihi- 
lation. This is the combination of a positron and an electron to form 
two 0.5 Mev photons. 


Pair production is shown in figure 4.9. 


ol 
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Figure 4.9 Dependence of Pair Production on Energy 


Gamma interaction for heavy atoms can be summarized in figure 4.10. 
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Figure 4.10 Interaction for Gamma Rays 
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The total probability of gamma interaction undergoes a definite mini- 
mum. This minimum is called the gamma ray window because rays 
of this energy will pass through material more readily due to this 
minimum. The energy value for the gamma ray window varies for 
different materials: 3 Mev for lead, 7 Mev for iron, and 20 Mev for 
aluminum. 


4-8 GAMMA ABSORPTION 


The total effect of the three previous types of gamma interaction 
discussed is called absorption. This absorption is designated by the 
linear absorption coefficient , (mu). » I, = change in intensity per 
unit length where [9 is the incident radiation intensity. 


ABSORPTION COEFFICIENT (yz) in cm? 





PHOTON ENERGY in Mev 


Figure 4.11 Absorption of Gamma Radiation in Lead 
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Although gamma radiation is never completely absorbed in pass- 
ing through matter, absorption can be discussed in terms of "half- 
thickness," which is the thickness of a shielding substance necessary 
to cut the radiation intensity in half. 


0. 693 0. 693 
Half-thickn = =X1/9; » =—— 
ckness 1/23 2 X19 





Use figure 4.12: Half-thickness vs Gamma Ray Energy for 
various substances. 


Figure 4.12 shows the half-thicknesses of various substances in 
relation to the energy of the incident gamma radiation. It must be 
noted that gamma radiation can never be completely absorbed. Gam- 
ma radiation intensity is halved by going through a half-thickness; 
and, if the remaining intensity passes through a half-thickness, it is 
in turn halved. No matter how many half-thicknesses the radiation 
travels through, there will always be some intensity remaining though 
it may become negligible. 


From the nomogram, figure 4.13, we can determine any of the 
values shown by knowing the value of any two columns. The units 
used for thicknesses must be the same. If the half-thickness is given 
in centimeters, the thickness of the absorbing material must be in 
centimeters. If gamma radiation passes through 1 cm of a substance 
whose half-thickness is 8 cm; then, from the nomogram, 91. 6% of 
the gamma rays are transmitted. If we have 100 cm of a substance 
whose half-thickness is 20 cm, only 3.5% of the incident gamma rays 
pass through. This nomogram is quite useful in many applications. 


99 


FRACTION FRACTION 





OF y $ OF y's 
TRANSMITTED!) ABSORBED 
10-8 
10°? 
10-* 
THICK NESS 0% 
HALF © THICKNESS 
OF AS8SORBING 10-4 
OF ABSORBER MATERIAL 
1,000 10,000 10-3-3..0.999 
8,000 
800 6,000 
0.01-+-099 
4,000 
6 9 
oe 3,000 
2,000 ” 
400 are 
a7 
1,000 ? 010+0.90 
300 800 oe 
600 xe 0.20-2-0.80 
200 400 Pa 
300 ge 0.30 £070 
a 
200 ae 040-£-0.60 
7 
100 100. 0.50 +-0.50 
80 woe 
An 60 060-£-0.40 
’ 40 
6 
° 7 o 30 
, 0.70-4-0.30 
pi 20 
40 en 
0.80 + 0.20 
30 ue 7 a 
7 6 
7 
20 4 
3 
> 090+010 
ae 0.524008 
Oe 2 ems i ye 
tee 0.8 0.94 +006 
8 —o 0.6 
04 
6 
3 096-4 0.04 
0.2 097+ 0.03 
4 
3 Soe 0.98 + 0.02 
0.06 
2 0.04 
0.03 
0.02 0.99 + 0.01 
I 0.01 


Figure 4.13 Gamma Absorption Nomogram 
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Calculations with standard half-thicknesses work well for narrow 
beams and thin shields (less than one half-thickness), but may be very 
much in error with broad beams or thicker shields. Compton scat- 
tering involves a gamma photon that is scattered and may by other 
interactions be scattered back into the beam when the beam is wide 
or the shield is thick. Only when most Compton photons are scattered 
out of the beam will the standard half-thicknesses give accurate re- 
sults. Allowance for this buildup of the radiation beam is made by 
using a "build-up factor.'' Figure 4.14 gives graphs of build-up fac- 
tors for two general energy ranges, 1 Mev and 4 Mev. In these 
graphs, build-up factor is plotted versus the atomic number of the 
shielding material for various numbers of half-thicknesses of the 
shield. Before absorption of gamma radiation is figured for a shield 
over one half-thickness, the dose rate or intensity of the radiation 
should be multiplied by the build-up factor. Then the problem of ab- 
sorption can be worked by standard half-thickness methods, i.e., 
mathematically or with the absorption nomogram in figure 4.13. 
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Figure 4.14 Build-Up Factor Versus Atomic Number 
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CHAPTER 5 
NUCLEAR REACTIONS 


Nuclear reactions are reactions involving atomic nuclei. They 
are quite different from chemical reactions. In chemical reactions, 
changes occur in electron configurations, but the nuclei of the atoms 
involved do not change. Also, much smaller amounts of energy are 
connected with chemical reactions than the energies connected with 
nuclear reactions. 


0-1 REACTION TERMS 


In a nuclear reaction there is usually a bombarding nucleus or 
particle called the incident particle. The bombarding particle "hits" 
a target nucleus. If the incident particle and the target nucleus com- 
bine for a period of time, though very short, this combination is 
called a compound nucleus. If a particle is emitted in the reaction, 
this particle is called the ejected particle; and, if a new nucleus is | 
formed, this new nucleus is called the daughter nucleus. 


This discussion will be concerned with four basic types of nuclear 


reactions: fusion, scatter, capture, and fission. 
5-2 FUSION 


Fusion is the process by which two light nuclei combine to form 
a larger nucleus. Neutrons or protons may be ejected in this process. 
In general, fusion is only possible with low A number nuclei. One 
example of fusion is the deuterium-tritium reaction: 


1 4 | 
1D? , yT3—+on! , gHe* , energy (17.6 Mev) 
5-3 SCATTER 
Scatter is the process of an incident particle hitting a nucleus 
and being repelled or deflected. This involves a transfer of energy 


to the target nucleus from the incident particle, and the incident parti- 
cle is slowed down. In general, a small incident particle hitting a 
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large nucleus causes a collision and will lose relatively little energy 
in the scatter process, but a small incident particle hitting a small 
nucleus causes a collision and will lose a relatively large portion of 
its energy. One example of scatter with a large transfer of energy 
is the case of a neutron hitting a simple hydrogen atom and producing 
a recoil proton by giving this nucleus enough energy to break away 
from its electron: 


1 1 ad 1 
on'+ 4H 1P" + on” (Scatter recoil) 
5-4 CAPTURE 


In a capture reaction the incident particle is ''captured" or taken 
in by the target nucleus. The compound nucleus thus formed may re- 
main as a new nucleus or it may soon change or emit a recoil particle 
such as a proton or neutron. Possibly the new nucleus formed by the 
capture is radioactive and will eventually decay. One example of 
capture: 


ont + 4gcdtl3—>,ocall4 + 7 
5-5 FISSION 


The last general type of nuclear reaction to be considered is the 
fission reaction. Fission is the process of splitting a heavy nucleus 
arbitrarily into two lighter nuclei. Fission may be caused by various 
types of incident particles, such as protons, alpha particles, neutrons, 
etc., but neutrons are particularly good for causing fission because 
the neutrons have no charge and are thus not affected by the positive 
nucleus. Electrons cannot cause fission. 


0-6 CROSS SECTION 


The probability that any particular nuclear reaction will take 
place with a given incident particle is measured in units of area called 
the cross section for the reaction. The cross section is the effective 
area which the target nucleus presents for reaction with the incident 
particle. The larger the cross section, the higher the probability 
that the reaction will take place. The cross section may be fairly 
large, or very small, or even zero for certain reactions. The units 
which are used for cross sections are barns: 1 barn = 10°-“*cm¢. 

The Greek letter, sigma (oc ), is used to represent the cross section. 





Each different reaction, each different incident particle, and 
each different incident particle kinetic energy will have a different 
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cross section for a given reaction for different nuclei. For instance, 
the cross section for fission (cf ) of a certain nucleus will be different 
for neutrons than for protons, and will be different for 1 ev neutrons 
than for 5 Mev neutrons. Also, neutrons will have a different cross 
section aor Seeeion for different nuclei. 


Neutron reactions are described in terms of three cross sections 
corresponding to the three types of nuclear reactions involving neutrons 
as the incident particles. These cross sections are the cross section 
for capture (0, ), the cross section for scatter ( 9, ), and the cross 
section for fission (of ). The total probability of a nuclear reaction 
for a’neutron directed towards a target nucleus is the sum of these 
three cross sections. 


C= GW Be F 








“scat TER 


Figure 5.1 Descriptive Picture of Scatter Cross Section 
5-7 NEUTRON REACTIONS 


Free neutrons can be produced by many types of nuclear reactions. 
For example: 
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4 


2% + 4Be° 


—$r an! + ara + Energy 

07? + 4Be*&—>pn! ‘ 4Be® + Energy 

0?” + jw’—n" + on + Energy 
Some examples of neutron reactions include: 

gn! + 5B10___, cf + g Li! + Energy (Capture) 
1 1 


gn! + jH1—_—_-1p + gn’ (Scatter with recoil) 


pnt + ggca!13 | ,,cat!4 (Capture) (21, 000 barns) 


Because different energy neutrons have different reaction probabilities, 
it is useful to classify neutrons as to their kinetic energies: 


NEUTRON TYPE KINETIC ENERGY 
Thermal 1 1 ee 
“40 ~~” “30 
Slow 1 
30 ~” 100 ev 
Intermediate 100—»100, 000 ev 
Fast 0.1 Mev ——>» 


Because neutrons can be a dangerous form of radiation, it is 
often necessary to shield materials or personnel from neutrons. This 
can be done by moderating and/or absorbing neutrons. 
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Absorbing neutrons can be accomplished by using a material with 
a high density of nuclei which have a high cross section for capture of 
neutrons. The highest possible cross sections for capture of neutrons 
are for slow and thermal neutrons. Fast neutrons.must be first 
slowed down before they can be effectively captured. The slowing 
down of neutrons is called moderation. 


In order to effectively moderate neutrons, a material with a high 
density of low mass number nuclei should be used. Just as a tennis 
ball is considerably slowed down or possibly even practically stopped 
when it hits another tennis ball, a neutron is quickly slowed down by 
hitting nuclei of approximately its own mass. On the other handa 
tennis ball hitting a semitruck will change direction but it will not 
slow down much; in like manner, a neutron hitting a large nucleus will 
"bounce" off without much loss of energy. For this reason, such 
standard shielding materials as lead are not effective shields for neu- 
trons. Hydrogen, having a nucleus of about the same mass as a neu- 
tron, is best at moderating neutrons; and any material with a high 
density of hydrogen atoms, such as water or plastic, will be a good 
moderator. Shielding may involve simply using a large amount of 
moderating material; and, if it is important to stop thermal neutrons © 
also, an absorbing material such as cadmium might be placed behind 
the moderator. 
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CHAPTER 6 
FISSION AND FUSION 


6-1 FUSION PRINCIPLES 


Ever since accurate measurements of nuclear masses have been 
available (much work was done on this in the 1920's), it has been 
known that atoms have a mass less than the sum of the masses of the 
neutrons, protons, and electrons of which they are composed. This 
difference in mass is called the mass defect. If we divide the mass 
of the nucleus by the number of nucleons, we get the average mass per 
nucleon. This can be done for every known isotope. Plotting the aver- 
age mass per nucleon against the atomic number and connecting the 
values with a curve gives the following picture: 


1.00800 
a 
nt 006 
3 
o 004 
= 002 
aw 
wn 1.0000 
3 998 
= 997 
la 
< 240 
£5 
> A 
<q 


Figure 6.1 Average Mass Per Nucleon 


Notice that the light elements have a large mass per nucleon, the mid- 
dleweight elements have the least mass per nucleon, and the heavy 
elements have a higher mass per nucleon than do the middleweight 
elements. 


Suppose two lightweight elements are fused (a process called 
fusion) together to form a heavier element; then, the average mass 
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per nucleon decreases, but something must happen to this mass. It 
is converted and given off as energy. 


It is possible to calculate the energy given off in fusion reaction. 
Consider the fusion of deuterium and tritium. The reaction equation 
may be written: 


,D? + sto — gHe* + ont + Energy 


We may add the masses of the deuterium and tritium and compare 
this to the mass of helium plus a neutron. Here, we must be careful 
since most tables give atomic masses. This means the mass of the 
whole atom, including the electrons, are included in this mass. Since 
the fusion reaction is a nuclear reaction it is not concerned with the 
electrons and we must take care to subtract out the masses of the 
electrons. Masses are given atomic mass units (amu). 


Mass af ;D* = 2.01474 Mass of 9He* = 4.00387 
3 1 

gt”. 3.01700 on __ 1.00898 

Sum 5.03174 Sum 5. 01286 

-2electrons —.00110 -2 electrons — .00110 

5. 03064 5. 01176 


The total mass of the products of the fusion reaction is less than the 
mass of the fusing nuclei, so that mass is converted into energy. The 
amount of energy can be computed by using 1 amu = 931 Mev. 


2. 03064 
-5. 01176 


01888 amu X 931 = 17.6 Mev. 


An interesting exercise is to compute the energy given off by 
fusion of two deuterium nuclei to form 1T* and a proton. 


Some of the interesting fusion reactions which occur with the 
heavy isotopes of hydrogen may be summarized: 
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1D? + {D?—~on! + 9He3+ 3.26 Mev 
D? + 1D? —- ,p! + 1T? + 4.04 Mev 


1D? + jT?— on! + gHe* + 17.6 Mev 


1T? + 1T3—>2>n! + 9He* + 10.6 Mev 


In discussing fusion, we have talked of encounters between single 
nuclei. If one deuterium nucleus approaches another they will repel 
each other due to their similar charges, both positive. If these nuclei 
approach each other fast enough, they will be able to get close enough 
together so that the strong, attractive, nuclear forces overcome the 
electrical forces of repulsion. When this happens, fusion occurs. 
Since the speed of an atom depends upon the temperature of the gas 
liquid or solid of which it is a part, the higher the temperature, the 
more likely fusion is to occur. Producing high enough temperature . 
for large masses of materials is a difficult problem; this is realized 
when one is told that little fusion occurs on the surface of the sun 
where the temperature is around 6000 degrees Centigrade. Of course, 
the energy from the sun comes from fusion, but it is generated mainly 
in the interior. Here the density is greater; if there are more deu- 
terium atoms in a given volume, then we would expect them to bump 
into each other more often, thus giving an increased rate of fusion. 
Therefore, two necessary conditions to the occurrence of fusion re- 
actions of appreciable numbers are high temperature and sufficient 
density. 


6-2 FISSION PRINCIPLES 


Prior to 1939, the types of nuclear reactions which were known 
consisted of those reactions where a particle was fired at a nucleus 
and either scattered or captured. Subsequently other particles may 
or may not have been emitted. But in 1939 an entirely new type of 
reaction was discovered. When uranium was bombarded by a source 
of neutrons (the neutron had only been discovered in 1932), it was 
found that a large number of middleweight elements appeared. This 
was interpreted to mean that the large uranium atoms were splitting 
into two smaller fragments. The implications of this were not hard 
to understand. 
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A glance at the binding energy per nucleon curve reveals that 
heavy isotopes have a lower binding energy per nucleon than do 
middleweight isotopes. This means that it would require more energy 
to pull the two split middleweight nuclei into neutrons and protons than 
it would to pull the original uranium atom into neutrons and protons. 
Therefore, more energy has been used up in the binding of the two 
middleweight nuclei than is available in the uranium nucleus for bind- 
ing. Something must happen to this excess energy. It appears as 
energy given off in the process of splitting. This process of splitting 
a heavy atom into two lighter atoms is called fission. Another way to 
look at the energy release is as follows. We know that binding energy 
represents a loss of mass. Now, if we plot the average mass per 
nucleon against the mass number, we get a curve (actually a series of 
points) which goes to a minimum around silver 110 and rises towards 
the heavier elements. We notice that this is exactly opposite from the 
binding energy per nucleon curve in shape; and this is so because a 
rise in binding energy per nucleon is a decrease in mass per nucleon. 
Looking at the mass per nucleon curve, we notice that splitting a 
heavy isotope into two lighter isotopes gives up products which have a 
smaller mass per nucleon than does the heavy isotope. In other words, 
the mass of the products is smaller than the mass of the atom with 
which we started. According to Einstein's formula E = mc“, this mass 
is equivalent to energy. 





This energy released in one fission process is greater by roughly 
a million times than the energies which are released in a single event 


of a chemical reaction. The fission of one U22° atom gives off about 
180 Mev of energy whereas the combination of one atom of oxygen and 
one carbon atom (i.e., burning of wood) results in the release of about 
4 ev. So here we are dealing with a mechanism for energy release a 
hundred million times larger than that found in chemical reactions. 
People became quite excited over this mechanism because they asked, 
"What would happen if in this process of fission, some more neutrons 
were given off ?'' And the answer seemed to be that one event might 
be used to cause another to occur and so on. And indeed it turned out 
that neutrons are given off in this process of fission. The results of 
this supposition are well known now, essentially the production of nu- 
clear weapons and nuclear power in the form of reactors. In order 

to understand the mechanisms of release of nuclear energy, the details 
of fission must be examined more closely. 


6-3 FISSION REACTIONS 


Fission is a threshold reaction. In order that fission occur on 
any large scale, it is necessary that energy be imparted to the nucleus 
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to be fissioned. One way of imparting energy is by absorbing a photon 
or gamma ray. If the energy of the gamma ray is great enough, fission 
occurs. Fission by gamma absorption is called photofission. There 
is a lowest energy gamma which will consistently cause fission. This 
energy is called the threshold or activation energy, essentially the 
energy the nucleus must have before it undergoes fission. By bom- 
barding different heavy nuclei with gamma rays of various energies, 
the activation energy for all the heavy nuclides can be measured. 


A second way in which fission may be made to occur is by particle 
bombardment. This particle could be an alpha particle, deuteron, 
proton, neutron, or a number of other more unusual particles. How- 
ever, the most important of these particles is the neutron, because 
the neutron is an excellent projectile with which to bombard a nucleus. 
It is easy to see why. An alpha particle has a positive charge and so 
does the nucleus; therefore, a nucleus will repel an incoming alpha. 
This makes it difficult for an alpha to enter the nucleus, whereas a 
neutron having no charge is not repelled and may enter the nucleus 
fairly easily. When a neutron enters a nucleus it loses mass. This 
occurs because the neutron becomes bound. This loss in mass is 
equivalent to energy which the nucleus receives. This energy is called 
the excitation energy. Remember that the nucleus must be given a 
certain amount of energy, called the threshold energy, if it is to fis- 
sion. Clearly, if the excitation energy is greater than the threshold 
energy, fission will occur. Since the excitation energy can be meas- 
ured and the threshold energy calculated, it is possible to write down 
a table comparing the two for different nuclides. 


Slow 
| Neutron 
Isotope Threshold Energy Excitation Energy Fission 
99233 4.6 Mev 6.6 Mev Yes 
92U235 5.3 Mev 6.4 Mev Yes 
99238 5.5 Mev 4.9 Mev No 
94239 4.0 Mev 6.4 Mev Yes 


Note that three of the nuclides will fission with slow neutrons. Slow 1 
neutrons are designated because the neutron itself may have kinetic 
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energy, part of which may be used to impart energy to the nucleus in 
excess of the threshold energy. The whole process is similar to 
pushing a car out of a small impression near the top of a long hill. 


Figure 6.2 Car Going Up Hill 


It will not roll down the hill unless pushed to the top. But once pushed 
to the top it will run a long way down. The push we give the car cor- 
responds to the excitation energy. If the push is big enough to move 


the car to the top of the hill (threshold energy) it will run down (fis- 
sion). 


There is one other important type of fission called spontaneous 
fission. For reasons which boil down to the fact that things in the 
atomic world are sometimes strange compared to the world of our 
normal experience, it appears that the cart will sometimes find itself 
on the right side of the hill (an effect called tunneling) and roll down. 
Although this cannot happen in the world to which we are accustomed, 
in the world of atoms this does happen. And spontaneous fission is 
one result. Different nuclides have different spontaneous fission rates. 
These rates are usually expressed in fissions per kilogram per min- 


ute (£{/Kg/min). 


Nuclide £/Kg/min 
y233 10 
y235 17 
y238 380 
py239 550 
Py240 2.5x 10" 


Notice the rather high spontaneous fission for u238_ This is unusual 
because U238 is not fissioned by slow neutrons. 
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6-4 FISSION NEUTRONS 


One fission reaction equation is: (ff = fission fragments or 
products) 


99285 + ont___ att + 2.5 on! + 180 Mev 


Notice that we have 2.5 before the on. This means not that we get 
2-1/2 neutrons from one fission (a neutron is a basic particle which 
cannot be divided and still remain a neutron), but that on the average 
2.5 neutrons appear per fission. Some fissions might produce three 
neutrons and others two. The average number of neutrons produced 
per fission is extremely important, so it is given a name, the nu ( v) 
value. This value depends upon the isotope involved. For example, 
the average number of neutrons produced per fission is different for 
U235 and Pu239_ The v value also depends upon the energy of the 
bombarding particle (neutron). Therefore, we usually specify the 
energy of the incoming neutron when giving » values. The values 
for thermal neutrons for several fissionable isotopes are given in the 
following equations: 


gn! + 99U235_.2ff + 2.47 qn! + 180 Mev 
on! + 92U233___. aff + 2.55 on! + 180 Mev 


on! + 94Pu299_, aff + 2.91 ont + 200 Mev 


Note that plutonium has a high v value, indicating that it might be a 
superior fissionable material. 


Of particular importance is the energy of the neutrons given off 
by the fission reaction. Not all the neutrons given off in fission have 
the same energy. Some neutrons may have much higher energies than 
others. However, it is possible to say on the average over a large 
number of fissions what percent of the neutrons will have a given ener- 
_ gy. If we plot the number of neutrons with a given energy against the 
energy, we find a curve: 
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Figure 6.3 Neutrons From Fission 


Notice that the most probable energy is 0.8 Mev and the average ener- 


gy is 2 Mev. Therefore, the great majority of neutrons given off in 


fission are fast neutrons. 
6-5 FISSION ENERGY 
Notice the energy involved in these fissions. We might ask what 


kind of energy is it and where does it go. A typical energy distribution 
would be: 


Kinetic energy of ff 162 Mev 
Kinetic energy of neutrons 6 
Prompt gamma 6 
Decay betas of ff 5 
Decay gammas of ff 5 
Decay neutrinos of ff 11 
Total 195 Mev 


Notice that most of the energy goes into kinetic energy of the fis- 
sion fragments. Since heat is just energy due to the motions of the 
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particles which make up a substance, this essentially accounts for 
the large percentage of energy in a nuclear detonation being given off 
as blast and thermal radiation. 


A smaller but quite important part of the energy is given off as 
ionizing radiation. Of particular importance is the activity of the fis- 
sion fragments. It is possible to predict what type of radiation they 
will give off just from knowing something about the stability of the 
nucleus. Nuclei which are very light have roughly the same number 


of neutrons as protons; good examples are wif and 3018. As the 


nucleus obtains more and more protons, the protons repel each other 
to a greater extent. In order to overcome this repulsion,an addition 
of more neutrons will place the protons further from each other and 
restore stability. If we made a plot of the number of neutrons versus 
the number of protons and place each stable isotope on it, we get the 
curve in figure 3.2. Since the heavier atoms have more neutrons per 
proton than do the lighter ones, the fragments resulting from splitting 
a heavy atom in two will have too many neutrons for the number of 
protons and therefore be unstable. The mode of decay which tends to 
reduce this instability is beta decay, since beta decay reduces the 
number of neutrons by one and increases the number of protons by 
one. 


Since gamma emission usually accompanies beta, especially when 
a large number of beta emitters are involved, the result is both beta 
and gamma radiation from the fission products. This is the primary 
reason why fallout is a beta-gamma hazard. 


6-6 FISSION FRAGMENTS 


Fission of a given isotope does not always occur in the same way. 
One atom of u235 may split intoggSr?4 and 54xe) 40 while another may 


split into 4gzr?e and soTe! 38. In reality there are hundreds of fission 
products which may be formed in fission. However, fission is not a 
completely arbitrary process as far as the fragments formed are con- 
cerned. Some pairs of fission fragments are formed more often than 
others. It is possible to speak about the relative probabilities that 
certain fission fragments will be produced. The relative probabilities 
depend upon the manner of formation of the fission fragments, such as 
by fast or slow neutron fission, or upon which isotope is undergoing 
fission. We could not expect the distribution of fission fragments to 
be the same for Pu229 as that for U23°, although it is similar. Data 
is available on the percentage of the various fragments formed, so 
that the graph in figure 6. 4 of thermal neutron fission of U235 and 
Pu239 can be constructed. 
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Figure 6.4 Thermal Fission Yields for u235 and Pu22? 
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The percentage of fission product yield is plotted on the vertical, 
and the mass number is plotted on the horizontal. A look at A = 90 
shows that of the fission products about 8 percent formed will have a 
mass number of 90. (Actually this curve graph consists of a number 
of points, which we have connected them with a smooth curve. ) Since 
fission products decay almost exc hisively by beta decay, a nuclide of 
mass number 90 will decay to Sr 0. It should be noted that there are 
200 percent total of fission fragments on this curve. This occurs 
because each fission produces two fragments. If a nuclide (fission 
fragment) on the left side of the curve is formed in fission, then one 
on the right side must also be produced. Notice that there is a min- 
imum in the center of the curve. This corresponds to symmetrical 
fission - both fragments have the same mass number. For this reason, 
we say that fission to equal fragments is improbable. 


6-7 CHAIN REACTION 


Although fission events give off much more energy per event than 
do chemical events, we must have fission events in great number if 
we are to realize the release of a significant amount of energy. Two 
general methods exist for producing large numbers of fissions. In one, 
the reaction is started and builds up rapidly without control; a great 
deal of energy is released in a short time and an explosion occurs. 
The second method is one in which the reaction is controlled and not 
allowed to build up to too high values. 


Each of these reactions is called a chain reaction. A chain re- 
action is a reaction in which one event occurs because a previous 
event occurred. In a fission chain reaction, one fission occurs and 
produces neutrons which may produce further fissions. Chain re- 
actions are classified according to the manner in which they build up 
or die out. 


Suppose we have a mass of U235 in which we start 100 fissions. 
This group of fissions is called a generation. Since an average be- 
tween two and three neutrons are given off per fission, somewhere 
between 200 and 300 neutrons will be available to cause further fis- 
sions. 





Suppose that the neutrons from these first 100 fissions cause 80 
more fissions. And the 80 fissions give neutrons which in turn cause 
64 fissions. It is clear that this reaction will die out. It is calleda 
nonsustaining chain reaction simply because the number of fissions in 
one generation is less than the number of fissions in the preceding 
generation. If conditions were arranged so that the first 100 fissions 
gave 100 fissions in the second generation and so on, the reaction 
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would be called a sustaining chain reaction. This is one in which the 
number of fissions in each generation is constant. This type of re- 
action separates the nonsustaining reaction which dies out from a 
multiplying chain reaction in which the number of fissions in suc- 
ceeding generations increases. The first hundred fissions might pro- 
duce 200 fissions in the next generation, 400 in the next, and so on. 
Obviously for a reaction in which large numbers of neutrons must be 
produced a multiplying chain reaction is necessary. 


Often a quantity called a reproduction factor (K) is introduced to 
describe the type of chain reaction. This is defined as the number of 


fissions in one generation divided by the number of fissions in the pre- 
ceding generation. Our example of a nonsustaining chain reaction 
gives: 


K = 80/100 = 0.8 


So, for a nonsustaining chain reaction, the reproduction factor is less 
than one. This simply means the reaction cannot build up and must 
die out. For a sustaining chain reaction where the number of fissions 
is the same in each generation, K =1. And for our example of mul- 
tiplying chain reaction, K = 200/100 = 2. Soa multiplying chain re- 
action will occur if K is greater than one. 


6-8 CRITICALITY 


It is necessary to inquire about the conditions necessary to set 
up these various chain reactions. There are many competing re- 
actions which tend to eliminate neutrons. Suppose we have a mass of 
U“e". This will contain some U because it is very difficult to sep- 
arate the two. If the uranium is in the shape of a thin sheet, the neu- 
trons produced in a fission will most likely escape and not travel 
through the uranium. So the type of reaction, here nonsustaining, de- 
pends upon the shape of the material undergoing fission. Needless to 
Say, it also depends upon the type of material. What is important is 
the surface to volume ratio, which is the lowest for an object in the 
shape of a sphere. Impurities in the material might absorb neutrons. 
u238 in a mass of predominantly U235 would absorb neutrons. (This 
is essentially the way in which plutonium is produced.) And U may 
sometimes absorb neutrons without fissioning. So, of the two to three 
neutrons produced per fission, some will be lost and the rest available 
to cause further fission. The degree to which a mass of material will 
support a chain reaction is frequently called criticality. A mass of 
active material in a given shape which just supports a sustaining chain 
reaction is called a critical mass. A mass less than this which sup- 
ports a nonsustaining chain reaction is called a subcritical mass. 
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A mass which supports a multiplying chain reaction is calleda 
Supercritical mass. 


riowever, in the last analysis the absolute factor which determines 
what kind of chain reaction will occur is the number of neutrons per 


fission which go on to cause further fission. 


The factors which can be varied to modify the criticality are 
numerous. In general the cross section (or probability) for fission 
increases as the neutron energy decreases. This is commonly known 
as th 1/v law. If the speed of the neutrons can be slowed down, the 
criticality can be increased. This is called moderation. When slowing 


CROSS SECTION 


VELOCITY 
Figure 6.5 Neutron Fission Cross Section (U2?) 


down neutrons, care must be taken not to introduce capture. Another 
factor which may be varied to affect criticality is the shape of the 

material. The mass of material also effects criticality; the larger the 
mass for a given shape, the higher the criticality. Enrichment, which 


is increasing the amount of y235 compared to y238 in a sample of 
uranium; purification, which is reduction of chemical impurities; and 
reflection of neutrons at the surface of the material are all means of 
increasing criticality. Lastly, by increasing the density of a material, 
the atoms are brought closer together. This decreases the distance a 
neutron has to travel in order to cause fission, and the criticality is 
increased. 








For a more detailed discussion of fission, "Principles of Nuclear 
Physics" AWTG, 1960, should be consulted. 


6-9 FISSION VERSUS FUSION 
A comparison of fission and fusion is in order here. In order to 
get useful energy out of either type of reaction, a large number of fis- 


sions or fusions must occur. In fission, this is arranged by creating 
a supercritical mass of fissionable material and allowing a multiplying 
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chain reaction to build up the neutron population and hence the number 
of fissions. This may be done by a number of methods. If the rate of 
the buildup 1s controlled, the number of fissions can be controlled and 
hence useful energy extracted. If the buildup of the reaction is uncon- 
trolled, then an explosion, the rapid release of a great amount of ener- 
gy, occurs. 


Whereas neutrons are needed in a fission chain reaction to keep 
it going, no such need is present in fusion reactions. What is needed 
in fusion is a high enough temperature so that light nuclei can over- 
come their mutual nuclear repulsion due to like charge and approach 
close enough for the attractive nuclear force to take over. However, 
temperature is not the only necessary ingredient for extraction of 
useful amounts of energy from fusion. The fuzing material must be 
sufficiently dense so that fusion occurs frequently. The rate at which 
fusion takes place depends in a complicated way upon the fuzing nuclei, 
the temperature, and the pressure. If the temperature could be made 
sufficiently high and the density sufficiently great, a release of energy 
in useful amounts could be obtained through fusion. There are, un- 
fortunately, large practical difficulties in the production of energy for 
useful work by fusion. 


However, fusion is a more attractive peaceful source of energy 
than fission for a number of reasons. First, compare the fuel value 
of uranium and deuterium. For fission of one atom of uranium, the 
energy per nucleon given off is about 0.8 Mev. For the DD reaction 
which produces tritium plus a proton, the Mev per nucleon is 4. 04/4 
or about one Mev per nucleon. So the energy per nucleon we get from 
fusion is generally greater than the energy per nucleon from fission. 
The difference becomes even greater when the DT reaction is con- 
sidered; here the energy released per nucleon is about 3.5 Mev. In 
addition, the products of fusion reactions do not present the radiation 
problems that fission products do. . 


However, the problems involved in controlling a fusion reaction, 
namely raising the material to undergo fusion to a high enough tem- 
perature and density and then containing it, have not been solved. On 
the other hand, nuclear reactors are already operating to provide 
useful power from fission. But the reserves of fuel which can be used 
in nuclear reactors operating with fission, although large, are limited. 
Deuterium, which is present in ordinary water in the amount of one 
part in 5000, is almost unlimited in supply, as all the seas of the 
world are storehouses for this isotope. 
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CHAPTER 7 


HEALTH PHYSICS 


The increasing use of radioisotopes has led to an examination of 
the hazards involved both for personnel working with these isotopes 
and for the population in areas near to the use of these radioisotopes. 
Fallout has made the problem interesting to an even larger group of 
people. The protection of living matter from the effects of ionizing 
radiation is sometimes called health physics. People who are experts 
in this field may be physicists, biologists, chemists, doctors, or a 
combination of any of these. However, anyone who works with radio- 
active materials should know something about health physics. This is 
useful in order to understand the necessity for and provisions of safety 
requirements for a specific job, to understand the meaning of "per- 
missible dose of radiation, " to distinguish between a hazardous sit- 
uation and one which just gives a meter reading, and to allow intelligent 
discussion for general understanding and safety. Of course it is pos- 
sible to give many more compelling reasons why a knowledge of health 
physics is important. As the use of radioisotopes increases, the num- 
ber of reasons for understanding radiation effects upon the human body 
also increases. Worldwide fallout has made the problem of genetic 
mutation due to low doses of radiation an international issue. This 
chapter will discuss briefly the characteristics of the various types of 
radiation, the basic structure of the human body, the specific effects 
of radiation on the various parts of the body, the symptoms and 
treatment of radiation overexposure, and the means of controlling and 
reducing radiation exposure. 


The various types of radiation include both particulate and wave 
radiations. Let us review their properties. 


7-1 ALPHA PARTICLES 


Alpha particles are energetic helium nuclei which have a double, 
positive charge and a mass in atomic mass units of approximately 4. 
They lose energy rapidly in passing through matter and produce a high 
specific ionization compared to other types of radiation. Consequently, 
they are short ranged, having generally a range of less than 10 cm in 
air and 100 microns (1/100 cm) in soft tissue. The greater the energy 
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of the alpha particle, the greater is its range. Ten centimeters in air 
represents an approximate upper limit on the range for alpha particles 
given off in radioactive emission. Because of their short range, alpha 
particles are unable to penetrate the dead layer of skin on the body. 
Therefore no external hazard exists for alpha radiation. However, a 

- break in the skin may permit alpha emitting material to enter the 

body, in which case a hazardous situation may be created. Other ways 
in which alpha emitting material may be taken into the body are by 
eating (ingestion) and subsequent absorption in the gastrointestinal 
tract (GI), absorption through the surface of the lungs, and absorption 
through the skin. In addition, insoluble alpha emitting material in the 
lungs may do damage to the lung surfaces. 


1-2 BETA PARTICLES 


A second type of radiation is beta radiation. Beta particles are 
high-speed electrons emitted from the nuclei of radioactive atoms. 
The mass of a beta particle is roughly 1/7280 the mass of an alpha 
particle. Since they produce relatively sparse ionization compared 
to alpha particles, the range of beta is greater. This range varies 
with the energy of the beta particle. A good rule of thumb is four 
meters range in air for each Mev. In soft tissue, a 5 Mev beta travels 
about three cm. A possible health hazard exists from external beta 
radiation since most beta can penetrate the skin. Partial to complete 
protection may be afforded by protective clothing. An internal hazard 
also exists for beta emission because most of the energy given off in 
beta decay will be absorbed by the body. 


7-3 NEUTRONS 


Another type of radiation hazard is presented by neutrons. These 
are usually found in dangerous numbers around nuclear reactors or 
other deposits of fissionable material. Neutrons are neutral particles 
with a mass close to that of a proton, about 1 amu. Since neutrons 
are uncharged they cannot ionize by attracting negative or positive 
particles. However neutrons do cause ionization by indirect means. 
This secondary ionization may be produced by a recoil mechanism 
wherein a neutron collides with a light nucleus and sends it off at a 
great speed. If the collision is with a proton (the nucleus of a hydrogen 
atom), the proton will produce ionization as it moves through matter. 
Another mechanism for indirect ionization is by (n, p) or (n, «) reactions 
with nuclei. The ejected proton or alpha particle then produces ion- 
ization. Inside tissue, the recoil mechanism is more important be- 
cause the body is largely made up of compounds containing hydrogen 
(water is the most common). Neutrons are external hazards only 
because very few isotopes dacay by neutron emission. These are 
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fission products with short half lives. Since neutrons are generated 
where fission reactions are taking place, it may be expected that neu- 
trons of all energies will be present. The range of neutrons in air 
depends upon the neutron energy, the air density, its moisture content, 
and a host of other variables. To impart meaning tothe word range 
for neutrons would require treatment beyond the scope of this book. 
Range might mean the distance it takes to slow a neutron down to 
thermal energies. Or it might mean the average distance it goes be- 
fore being captured. For a rough idea, which we cannot question too 
closely, fast neutrons at sea level will travel about 100 meters. The 
Effects of Nuclear Weapons gives interesting tables on neutron doses 


at different distances for various yield detonations. 
7-4 PROTONS 


Protons, which have a single positive charge, ionize in a manner 
which is very similar to alpha particles. They are important asa 
health hazard mainly as a neutron recoil mechanism. 


7-5 GAMMA RADIATION 


Gamma rays are electromagnetic radiations which behave as 
waves. They have no charge and effectively little mass. They are 
similar to light waves, radio waves, and radar; but gamma waves 
have a higher frequency (more energetic). See figure 1.5. X-rays 
have a smaller frequency than gamma rays but essentially present 
the same hazard as gamma. Since gamma waves have no charge, they 
ionize more sparsely than do alpha and beta radiation. Therefore, 
the range of gamma is greater than alpha or beta; but we learned 
that it is necessary to express the range for gamma in terms of 
half-thicknesses. For a 1 Mev gamma the half-thickness in water is 
close to 10 centimeters (about 4 inches). The value of 10 centimeters 
is roughly true for tissue, since tissue is about the same density as 
water. The mechanisms by which gamma rays lose energy and produce 
ionization are primarily Compton scattering and photoelectric effect. 
The hazard from gamma is external. 


7-6 RELATIVE IONIZATION 
A comparison of the number of ionizations per unit path length for 
the different types of ionizing radiation is interesting because it gives 


an indication of the biological effectiveness of the radiation. If we 
define relative ionization as, 
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Relative ionization = ecific ionization of radiation t 
Specific ionization of gamma 


we obtain the following table: 


Radiation Relative Ionization e in Air Range in Tissue 
Gamma 1 finite finite 
Beta 100 up to 20 meters’ iless than 3 cm 
Alpha 10, 000 3 to 10 cm 0.01 to 0.1 cm 
Neutron 0 100 meters 10 cm 
Proton 1, 000 up to 1/2 meter _less than 0.2 cm 


Notice that the relative ionization of gamma is one because we are 
comparing it to itself. Neutron is zero because the ionization per 
unit path length is small compared to gamma. Actually, the mech- 
anism by which neutron produces ionization is not comparable to pro- 
duction of ionization by alpha, beta, and gamma; so that, whenever 
discussing the hazards of neutron radiation, it is necessary to take a 
detailed look. 


7-7 THE HUMAN BODY 


The human body is made up of a number of different components. 
The body consists of a number of systems such as the respiratory 
system and digestive system. Systems are broken into organs. The 
digestive system includes the following organs: the stomach, large 
intestine, and small intestines (duodenum, jejun, ileum). Organs are 
composed of tissue. The wall of the stomach is composed of a special 
type of tissue. Although tissue may differ from organ to organ, re- 
markable similarities occur between tissues of different organs. All 
tissues are composed of cells. (Differences in the response of various 
cells to radiation means that the biological effect of radiation on dif- 
ferent tissues will vary.) Cells vary from tissue to tissue, but all 
have some common features. 
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7-8 CELL COMPOSITION AND RESPONSE TO RADIATION 


Since radiation affects the single cells and since individuals are 
composed of large numbers of these cells, the logical place to begin 
a study of radiation effects is with the cell. 


All cells with the exception of the red blood cells have common 
components called the cell membrane, the cytoplasm, nuclear mem- 
brane, and nucleus. 


The cell membrane completely encloses the cell and is semiper- 
meable (allows passage of solutions of chemicals). Therefore, nu- 
tritional materials may pass into the cell and waste out of it. Radiation 
may affect the permeability of the cell. 


The bulk of the cell is the cytoplasm which is composed of water, 
fats, proteins, etc. Also contained in the cytoplasm are enzymes 
which control the rate at which chemical changes occur to provide 
energy for body processes. This process, called metabolism, is not 

normally greatly affected by low doses of radiation. 


In the center of the cell lies the nucleus, a protein-like material, 
which is surrounded by the nuclear membrane. The functions of the 
nuclear membrane are presumably similar to those of the cell mem- 
brane. This nucleus seems to be the controlling center of the cell and 
is apparently the most sensitive to radiation damage. It is well known 
that the body is in a state of constant decay and repair. Some cells 
are dying off while others are dividing in two to replace them. During 
this process of division the nucleus seems to be particularly sensitive 
to radiation so that, in general, cells which divide the most rapidly 
are the most sensitive to radiation. However, an ionizing event in the 
cell nucleus may just disrupt bodies called chromosomes. The effects 
of this disruption may not affect the normal operation of the cell but 
may be lethal when the cell tries to divide. In division, the nucleus 
must essentially duplicate itself, so that the chromosomes must be 
reproduced. Damage to their structure could prevent this. 


It is now possible to say which types of cells are the most sen- 
sitive and which are the least sensitive to radiation. 
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Most Sensitive Moderately Sensitive Least Sensitive 


bone marrow liver bone 
lymph glands kidney nerve 
lining of mouth and 

intestines surface area of lung muscle 
hair follicles brain 
skin 


The following discussion of the effects of radiation upon these 
cells is necessarily limited due to the lack of firmly established in- 
formation. However, two items that should be briefly mentioned con- 
cern the possibility of sterility and genetic mutation. It is believed 
that the whole-body dose required to produce permanent sterility in 
human beings would be lethal in most cases. A comprehensive 
treatment of factors, such as rate of delivery of dose, is not possible 
here. We assume for simplicity that the dose has been absorbed over 
a period not exceeding several days. 


Concerning the genetic effects of radiation, it may be said that 
ionizing radiation may not be lethal to the germ cell but may result in 
changed characteristics in the offspring. This change is called a 
mutation. In a great majority of genetic mutations, there have been 
harmful effects of some kind. A discussion of significant doses of 
genetic concern is out of place here. Opinions vary widely on this 
subject and generally involve personal judgments. It can be said, how- 
ever, that individual risk of genetic mutation is small for sublethal 
doses of radiation. 


1-9 RADIATION UNITS 


In order to discuss in a quantitive manner the effects of radiation 
damage, we must introduce units. Remember that the amount of rad- 
iation damage will depend upon the amount of energy absorbed, not the 
amount which just passes through the body. Therefore, for gamma 
and X-radiation, the amount of energy absorbed in a given flux of rays 
will depend upon the energy of the rays. For instance, a beam of high- 
energy gamma is quite penetrating and may produce fewer biological 
effects per unit of tissue than less penetrating, low-energy gamma 
rays with the same total energy in the beam. 
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In order to discuss radiation effects, some sort of unit must be 
introduced so that we may have an idea of "how much" radiation we 
are dealing with. Since radiation is detected by the ionization it pro- 
duces and since its effects on organisms are due to ionization, the 
logical way in which to measure amounts of radiation seems to be by 
the amount of charge that is produced in a given volume or mass. For 
this purpose, it is possible to define a unit called roentgen (r). This 
is defined only for X- or gamma radiation and is: 


the amount of X-ray or gamma radiation required to produce 
by ionization one electrostatic unit of charge in one cubic cen- 
timeter of air at standard temperature and pressure (STP). 


Since we know the charge on one electron, we can make alternative 
definitions: 


1. 2.08 x 109 ion pairs per cubic centimeter of air at STP; or, 
since we know the density of air, 


2. 1.6x 1012 ion pairs per gram of air at STP; or, since a 
gamma loses on the average 33.5 ev per ion pair formed in air, we 
could use 


3. 6.97 x 10% Mev per cubic centimeter of air at STP, 
4, 5.37x 10! Mev per gram of air at STP, or 
5. 86 ergs per gram of air at STP. 


These definitions are approximately equivalent because the ener- 
gy needed for a particular ionization depends slightly upon the energy 
of the ionizing ray. Therefore, the expressions in terms of charge 
density and energy density are only approximately the same. In order 
to resolve discrepancies which might result from this situation, the 
International Commission on Radiological Units and Measurements 
(ICRU) issued a report in 1956 defining the roentgen as: 


an exposure dose of X- or gamma radiation such that the 
associated corpuscular emission per 0.001293 grams of air 
produces, in air, ions carrying one electrostatic unit of quan- 
tity of electricity of either sign. 


This somewhat cumbersome definition is equivalent to both definitions 
1 and 2 we have given. Sometimes in the attempt to make a rigorous 
definition the meaning becomes obscured to all but those individuals 
intimately engaged in the work. 
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It is interesting to calculate the temperature rise due directly to 
the absorption of a large dose of radiation. A 1000 r dose delivered 
to the whole body over a short period of time would almost certainly 
be fatal toa human. However, the total temperature rise directly due 
to this absorbed energy would only be 0. 002 degrees centigrade, and 
only about 2 atoms in 108 would be ionized. Indeed, for the energy 
delivered, radiation is an extremely efficient mechanism for destruc- 
tion of living matter. 


Early attempts to extend the definition of the roentgen to other 
types of radiation led to the introduction of a unit called the roentgen 
equivalent physical (rep), which is unfortunately still used by those 
who have not learned to use the newer and more convenient units. 
Also,many good articles published before 1954 and some after cannot 
be read if the reader does not know what a rep is. 


In tissue, the production of 1.6 x 102 ion pairs per gram requires 
more energy than in air. Roughly, a roentgen in tissue is equivalent 
to an energy loss or absorption of 97 ergs/gram. This is the definition 
of arep. Notice that this can refer to any type of radiation: X-ray, 
alpha, beta, or neutron. This seems to be a logical type of unit if we 
agree that the radiation damage is proportional to the amount of ener- 
gy absorbed. However, 97 ergs/gram is an inconvenient figure; 50 a 
new unit called the radiation absorbed dose (rad) is introduced. 


A rad is the absorption of 100 ergs/gram in whatever material 
we are concerned with. Note that for this unit the type of absorbing 
material must be specified. This allows us to make a distinction be- 
tween such things as soft tissue and bone. 


We may suspect that the absorption of 100 ergs/gram by gamma 
radiation and the absorption of 100 ergs/gram by beta radiation pro- 
duce different degrees of damage. In fact, this is true not only for 
degree but also for the kind of damage. Because beta has a higher 
specific ionization, we would expect the density of ionization to be 
less uniform than for gamma. 


Ionization in living matter can be seen in pictures called auto- 
radiographs. These are made by placing cross sections of an organ 
or bone containing radioactive material upon a photographic plate. 
The autoradiograph shown in figure 7.1 is a picture of alpha emitter 
deposited in the bone of a dog. Note the short and wide black lines 
which represent alpha particle tracts in the bone and note the various 
concentrations of the emitter. Alpha emitters deposited in the bone 
can be a serious hazard which can lead in time to bone diseases and 
cancer. 
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The differences in distribution of ionization for different types of 
radiation leads us to believe that the biological effects might differ for 
equal amounts of energy absorbed. This turns out to be true so that 
we might introduce a fudge factor which we call the relative Digioaical 
effectiveness (RBE). If we say that the RBE of beta radiation is 2, 
then we mean that one rad of beta will do twice as much damage as 
one rad of gamma. 


This concept is actually an oversimplification because the RBE 
will depend upon the particular biological effect chosen for observation, 
the energy of the irradiating particles or waves (especially for neu- 
trons), and things like individual differences which vary from animal 
to animal. It is possible to write down a rough table comparing RBE's. 
As usual, gamma radiation has an RBE of one (1); that is, we compare 
the relative effects of other types of radiation to gamma. 


Type of Radiation RBE 
Alpha 10-20 
Beta 1-2 
Gamma 1 
Neutrons (slow) 4-5 
Neutrons (fast) 10 
Protons 3 


For protective work, we wish to be able to add up the effects of 
different types of radiations. Since we have a table telling us roughly 
how much more effective neutron radiation is than gamma, we can add 
the effects of the two. To do this we introduce the roentgen equivalent 


mammal (rem) which is defined as: 

rem = RBE x rad 
If we have 0.1 rad of slow neutron radiation, taking the RBE = 4, we 
have rem = 4x 0.1=0.4. It is in this unit that permissible levels of 
radiation exposure are usually given. 


It is possible to write out a table relating all the units we have 
discussed. 


87 


Figure 7.2 Radiation Relationships 


RADIATION r rep rem AIR SOFT TISSUE WATER RBE 
X-ray 1 1 97 86 97 -97 1 
gamma 1 1 97 86 97 97 1 
beta Not defined 1 -97(1-2)= .86 97 97 1-2 
proton Not defined 1 7 86 -97 -97 5 
alpha Not defined 1 10-20 . 86 97 .97 10-20 
fast neutrons Not defined 1 10 .86 97 97 10 
slow neutrons Not defined 1 4o5 . 86 -97 97 2 


Note that the rem given here for soft tissue by gamma is obtained 
by multiplying: rem = RBE x rad=1x .97 = .97 


All this seems somewhat intricate; however, it is necessary if we 
are to discuss the effect of radiation on living matter. We now have a 
manner of roughly talking about how much radiation has been absorbed. 
However, the effects of exposure to radiation may also depend on how 
fast the radiation is delivered. One model supposes that part of the 
damage done by radiation may be repaired shortly whereas part has 
long lasting effects. Therefore we might suppose that a given dose 
being delivered over a long period of time will be less severe, in ef- 
fect, than the same dose delivered very quickly. This is because of 
a recovery phenomenon for part of the radiation absorption. For ex- 
ample, 1000 r delivered in a few seconds would almost inevitably be 
fatal within a month, whereas this amount delivered uniformly over a 
lifetime would produce much less severe effects. 


7-10 DOSE 


Let us agree on two terms to be used. By dose we mean the 
total quantity of radiation absorbed by an organism during a single 
radiation experience. Since the roentgen and rad are concerned with 
the charge per unit volume and the energy absorption per unit mass, 
we. must specify the amount of the organism involved in a dose. We 
might receive a 1000 rad dose to the forefinger. The effects would be 
quite different from a whole body dose of 1000 rad. 
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1-11 DOSE RATE 


By dose rate we mean radiation dose/unit time. This might be 
r/hour, mr (milliroentgens) /hour, or rem/hour. These are often 
the units in which beta-gamma survey meters are "calibrated." 


However, it is not generally realized that G-M counters count 
‘only the number of ionizing events and not the total ionizing power. 
Therefore, a G-M counter (the AN/PDR 27 is an example), which 
reads in mr/hbr or r/hr assumes a direct relation between the num- 
ber of ionizing events and the degree of ionization. This means a 
G-M detector calibrated to work in an old fallout field will not give 
an accurate value for mr/hr due to a laboratory spill of a Co®9 solu- 
tion or even a new fallout field. Therefore, the indication on G-M 
counters calibrated in dose rate should be taken only as an indication 
and not as an extremely accurate value. 


Ionization chambers, on the other hand, can be constructed to 
give a response proportional to the total amount of ionization occurring. 
Quantitative results, where accuracy is desired, must be made with 
an instrument employing an ionization chamber. These remarks 
should be kept in mind when considering the detection of radiation. 

For military field work, an indicator is needed, not a calibrated re- 
search tool. 


7-12 EXTERNAL EXPOSURE 


Now that we are familiar with radiation types and units of 
measurements plus detection means it is logical to discuss effects of 
radiation upon the body. The first question which always arises is: 
How much radiation does it take to killa man? Actually there is not 
enough information in the question to answer it simply. Let us con- 
sider only whole body doses from external sources delivered over a 
short time so that essentially no recovery can occur during the period 
of exposure. Even with this in mind, the values we can give are un- 
certain. This arises because of the small number of cases of death 
due to quickly delivered whole body doses of radiation. And no vol- 
unteers have appeared to fill in the missing data. The problem is 
further complicated by the fact that the ability to withstand the effects 
of ionizing radiation varies from person to person. With all these 
reservations in mind, we might say that a lethal dose for 50 percent 
of the people receiving it in a short period of time is between 500 and 
700 r of gamma radiation. This is sometimes expressed as LD50 = 
600 r. Sometimes an expression in which we say that 50 percent of 
the people will die within 30 days is used; this is indicated by the 
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symbol LD?) LD3O's can be determined fairly well for such animals 


as rats, but accurate values are unavailable for people. Again,a 
reasonable value for LD3) is 500 to 700 r. 


Let us detail the expected symptoms for exposures of various 
doses. Some knowledge of radiation effects was gained in the acci- 
dental exposure of about 250 persons in the Marshall Islands following 
a nuclear test explosion in March 1954. Whole body radiation doses 
ranged from 14 r to about 175 r, amounts which we would not expect 
to be fatal to individuals in fair health. Since this exposure was to 
beta and gamma and the RBE for the beta is close to 1, we may say 
the doses ranged from 14 rem to 175 rem. The doses of 14 rem pro- 
duced no serious symptoms. Actually, one of the most sensitive in- 
dicators of exposure is the leucocyte (white blood cells) count. A 
table of expected effects from absorption of various doses can be made. 
This is taken from Effects of Nuclear Weapons prepared by Department 
of Defense and published by the AEC. 


Expected Effects of Acute Whole- Body Radiation Doses 


0-50 r No obvious effects. 
80-120 r Nausea and vomiting 1 day, 5-10% 
fatigue. 
130-170 r 25% develop radiation sickness. 
180-220 r 50% radiation sickness. 
270-330 r Nearly all sick, 20% mortality, 


convalescence 3 months. 


400-500 r LD50 within 1 month, 6 month 
convalescence of survivors. 


550-750 r Up to 100% mortality. 


The accuracy of these figures should not be taken overly seri- 
ously. Indeed, even if the method of exposure to radiation is known, 
the distribution of dose throughout the body may be such that it is im- 
possible to assign a single number as the total body dose. For example, 
the fresher the fallout is, the higher the beta dose in relation to the 
gamma. A person absorbing a given amount of energy from fresh 
fallout would be "better cooked" on the outside because of the beta 
range in tissue than would the same person absorbing the same amount 
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of energy from old fallout. In the latter case, radiation dose would be 
distributed more equally throughout the body. In criticality accidents, 
the proximity of the exposed person usually means that part of a body's 
natural length will give a difference in absorbed dose from one part to 
another. This is equivalent to saying that a man lying near a source 
with his feet pointed towards it and his head away will receive more 
dose to the feet than to the head. There are therefore great difficul- 
ties involved in assigning a single number to indicate the radiation 
exposure of a person. Whenever such a number is stated, the lim- 
itations on information from this single number should be recognized. 
Briefly it is an indicator. As such it would probably be of more value 
to the military commander than to a doctor. A military commander, 
finding his troops to have an average dose of 200 rad accumulated in 

a short time, would expect 50 percent to come down with some sort 

of radiation sickness, plus a general decrease in efficiency for the 
others. However, a doctor would wish to know whether the radiation 
was mostly beta burns, whether local or general, which portions of 
the body were partially protected from beta by clothing, and a host of 
other questions. This illustrates that the values given in figure 7.2 
should be used as indicators. 


For peacetime applications, restrictions have been placed on the 
amount of radiation one may receive per unit time. These restriction 
vary, depending upon the authority imposing the restrictions. In gen- 
eral, the tolerances set by the military are comparable with those set 
by the bureau of standards. The AEC for external radiation sets 
tolerance levels for people occupationally exposed to radiation; the 
accepted tolerance level is set at 3 rem for 13 weeks. The maximum 
permissible yearly dose is set at 12 rem. The average permissible 
yearly dose should not exceed 5 rem, so that the lifetime tolerance 
level can be computed by applying the formula: lifetime permissible 
dose = 5(N-18), where the’ N is the age of the individual under con- 
sideration. Permissible dose for the population as a whole not directly 
engaged in work with radioactive materials is generally taken as 1/10 
of the doses for occupational exposure. 


7-13 INTERNAL DEPOSITION 


In addition to external exposure, it is possible to accumulate 
radioactive material inside the body. In this case, there are also 
limits on the amount of radioactive material which may be allowed to 
accumulate. This varies from isotope to isotope, due to differences 
in half life and methods of deposition in the body. The latter may de- 
pend upon the chemical form in which a substance enters the body. 
The Bureau of Standards Handbook 69 lists permissible amounts of the 
common isotopes in the body. These permissible amounts are 
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arrived at in several ways. One is by comparison with the effects of 
radium deposition in the body. Some alpha and beta emitters are com- 
pared to radium and the amount allowed is taken equal to an equiv- 
alent amount of radium known to do negligible harm. Some of the data 
upon which these values are based was collected from the radium dial 
painters of the 1920's who received doses anywhere from negligible in 
amount up to fatal. The second method of arriving at an allowable 
body concentration is to compute the dose to a certain tissue of organ 
from deposition of radioactive material. The dose should be kept be- 
low 300 m rem/wk; the body tolerance is computed to assure this 

300 m rem/wk is not exceeded. 


Let us consider how radioactive material might be internally 
deposited. A worker in an atmosphere in which finely divided pluto- 
nium is suspended would tend to breathe this material. Since he works 
in it day after day, it is possible that he may pick up a body concen- 
tration. Breathing the air will deposit the finely divided particles of 
plutonium on the surfaces of the lung. According to one lung model, 
about 25 percent of the inhaled particles with optimum diameters for 
lung retention will be deposited on the alveolar surfaces. Twenty-five 
percent are exhaled without ever depositing on any lung surfaces, and 
90 percent are taken by ciliary action up the trachea and into the 
gastrointestinal tract. Since absorption by the gastrointestinal tract is 
extremely small, the plutonium is eventually eliminated. However, 
of the twenty-five percent left in the lungs on the alveolar surfaces, 

10 percent will gradually be absorbed and the remainder eliminated 
either by ciliary action or phagocytosis. As this occurs, the plutonium 
is deposited throughout the body with some organs taking up more than 
others. By far, the largest percentage of the plutonium is deposited 
in the skeleton. Therefore, it behaves similarly to radium. The max- 
imum permissible body burden of plutonium is .04 microcuries. The 
mechanism just described might account for its buildup in the body. 
However, one factor has not been considered. While plutonium is 
building up, the body may be eliminating it. This process of elimi- 
nation may be considered similar to radioactive decay. We may de- 
fine an elimination of biological half life as the time it takes for half 

of the material originally deposited to be eliminated by biological pro- 
cesses. There are therefore two processes tending to reduce the 
amount of any radioactive material in the body. They are radioactive 
decay and body elimination. Since these processes operate simulta- 
neously, a new quantity called the effective half life (T), which is the 
time required to eliminate half of a radioactive material from the body 
by radioactive-decay and biological elimination,is defined. If both the 
radioactive half life (Tr) and the biological half life (Tb) are known,the 
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effective half life is computed: 
1/T =1/T,, + 1/T, 
This is very similar to current flow through resistors in parallel. 


If the effective half life is known and the activity and deposition 
scheme of a certain isotope is known, then it is possible to compute 
the maximum body burden allowable. Because of incomplete data 
available on many isotopes, especially concerning distribution in the 
body, recommendations as to permissible body burdens are not as 
carefully considered as might be hoped. In most cases, however, 
estimates are probably too cautious rather than not cautious enough. 

In addition to maximum permissible body burdens, the National Bureau 
of Standards Handbook 69 recommends maximum permissible con- 
centrations of radionuclides in air and water for occupational exposure. 


1-14 STANDARDS 


There are a number of organizations engaged in setting up stand- 
ards. Handbook 69 contains recommendations from the International 
Committee on Radiological Protection andthe NCRP. However, it has 
no statutory effect. The regulatory organs for civilian functions are 
the U.S. Public Health Service and the Atomic Energy Commission. 
The military services set their own standards, but normally work 
closely with the AEC in these standards. 


7-15 PREVENTION AND TREATMENT OF EXPOSURE 


Although prevention of exposure to radiation is carefully exer- 
cised, nevertheless, overexposure occasionally occurs. In certain 
cases, medical treatment can reduce the seriousness of the exposure, 
although no spectacular treatments have been developed. 


In the event of a whole-body external dose of 500 rem,it would be 
possible to perform a marrow transplant which might aid recovery. 
This is a tedious process and has not been clearly demonstrated to be 
of great aid. It might be of use in marginal dose cases where lethality 
is in question. Whole body transfusions may help, as radiation damage 
is evident strongly in the blood, especially in the absence of leucoytes 
(white blood cells) a few days after exposure. Antibiotics may be 
administered, as the scarcity of white blood cells to fight off infection 
invites infection. The victim may be fed intravenously to circumvent 
inability to eat due to nausea, vomiting, ulcers in the mouth and 
throat, or other causes. 
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Although some evidence has been received that chemical treat- 
ment might give temporary immunity from radiation damage, results 
are not encouraging in this field, since the degree of protection af- 
forded is small and chemicals which work are often toxic. 


A different problem is the treatment of personnel who have pick- 
ed up a large body burden of some radionuclide. Depending upon the 
nuclide and the method of exposure it may be possible to force the 
elimination half life down and thus reduce exposure. This seems 
difficult to do with elements like plutonium where chelating agents 
must be used. Usually treatment is limited by the onset of toxic ef- 
fects. However, certain rare cases are easy to treat. Tritium water 
can be eliminated more quickly than normally just by increasing water 
intake. The normal body half life of tritium is about 14 days. It can 
be reduced to as low as 2. 5 by forcing water through a patient. This 
should always be done by a doctor, as cases of people drowning from 
too much water intake are not unknown. 
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CHAPTER 8 
RADIATION DETECTION 


8-1 DETECTION THEORY 


Since radiation cannot be detected by any of the human senses, 
we must depend upon instruments to warn us of the presence of radi- 
oactivity. These Radiac (Radioactivity Detection, Indication, and 
Computation) instruments detect the interaction of radiation with 
some type of matter. 


The interaction of radiation with matter has already been dis- 
cussed in detail in chapter 4, and we need only summarize a few facts 
here concerning interaction (see figure 8.1). The relative specific 
ionization shown is a measure of the specific ionization of the radiation 
relative to the specific ionization-of gamma radiation. Specific ioni- 
zation, it should be remembered, is the number of ion pairs formed 
per unit length of travel. For example, in one centimeter of path, 
beta will produce 100 times the number of ion pairs formed by gamma. 


Of the many ways that a particle or photon of radiation may trans- 
fer energy to matter, we are primarily concerned here with only one 
way: ionization. Two types of ionization are shown in figures 8.2 
and 8.3. Figure 8.2 shows an alpha particle passing near an atom 
and attracting an electron away from its orbit. Figure 8.3 shows a 
gamma ray passing through an atom and giving kinetic energy to 
an electron which leaves its orbit. 


For each ionization produced in a gas, a radiation particle or 
photon will lose an average of approximately 32 ev, even though the 
energy actually used in causing the ionization is far less (on the order 
of 12 to 16 ev). This is primarily because the radiation particle or 
photon loses energy in a number of ways besides ionization. 


Each time an ionizing event takes place, an ion pair is formed. 
This pair consists of a positively ionized atom and the negative free 
electron. In a radiation detector, these free electrons are collected 
on a positive electrode. To collect the free electrons, we must es- 
tablish an electric field in the detector to attract the electrons to the 
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Figure 8.3 Gamma Interaction 
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positive electrode. A radiation detector of the ionization type will 
usually have two electrodes in the coaxial configuration as shown in 
figure 8. 4. 
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Figure 8.4 Coaxial Detector 


The gas filled sensitive volume is the space between the electrodes. 
Establishing a potential difference between the electrodes with batteries 
or equivalent power supplies results in the formation of an electric 
field in the space. (Refer to section 1-4.) The electric field that is 
produced in the detector's sensitive volume depends upon the actual 
construction of the electrodes and the voltage applied to the electrodes 
by the power supply. Figure 8.5 shows an end view of a typical co- 
axial detector with field lines. The negative charge is on the outer 


CATHODE 


ANODE 
Figure 8.5 Electric Field Lines in a Detector 


electrode and the positive charge is on the central wire. The electric 
field lines shown converge on the inner electrode. Since this field 
converges, the force on a charged particle increases as the particle 
moves closer to the inner electrode. This force adds energy to the 
electrons. When the electrons acquire sufficient energy from the 
electric field, they begin to ionize the neutral gas atom that are in 
their path. This secondary ionization or amplification in the gas adds 
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many thousands of electrons for each primary electron that was 
formed by the radiation. 


The process of gas amplification has associated with it a number 
called the gas amplification factor (A). It is defined as the number of 
electrons collected by the positive electrode divided by the number of 
electrons formed by the radiation. 


This (A) factor can be written in a formula such as 
A = No. of electrons collected 
No. of electrons formed by radiation 

If the voltage applied to the detector tube is changed, the gas 
amplification factor may or may not change, depending upon the volt- 
age and the particular construction characteristics of the detector 
tube. 
8-2 BASIC RADIAC CIRCUIT 

The basic radiac instrument circuit consists of the parts shown 
in figure 8.6. Radiation interacts with the detector sensitive volume 


and gives a pulse of electrons. A power supply or voltage supply is 
needed to provide the power necessary for detector operations. 


SCALAR 
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Figure 8.6 Basic Radiac Circuit 
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The electronic circuits shown in figure 8.6 are standard amplifiers, 
multivibrators, and other circuits used in whatever application is 
necessary for proper operation. The output of our basic detector can 
be’ displayed in either on a scalar or on a count-rate meter. 


A scalar has lights and usually a mechanical counter that indicates 
the total number of counts that have been detected during a given time 
interval. This is similar to the odometer on an automobile, which 
indicates total miles traveled. 


A count-rate meter has a meter movement that indicates the 
counts per unit time that are being detected. For example, it might 
indicate counts per minute, counts per second, or counts per hour. 
This is similar to the speedometer on an automobile, which indicates 
miles per hour. On some "field" type survey instruments, the scale 
on the face of the count-rate meter is marked in roentgens per hour 
or milliroentgens per hour. This is not quite correct since a detec- 
tor circuit counts a number of ionizing events per unit time anda 
roentgen is an amount of ionization (1.6 x 1012 ion pairs per gram of 
dry air). However, each pulse is assumed to have a certain milli- 
roentgen capability. 


It should be pointed out that count-rate meter readings will fluc- 
tuate during the period of observation, while the scalar readings will 
appear to be increasing at.a constant rate to most people. This is 
due to the random nature of radioactive disintegration. 


The count-rate meter readings can be "eyeballed'' to an average 
value. 


The basic radiac circuit does not include all types of radiation 
detectors but is only a general description of the survey instruments; 
i.e., portable instruments which indicate count rate or dose rates. 


8-3 DETECTOR OPERATION 


A simplified standard detector circuit consists of a voltage sup- 
ply, a detector tube, and a load resistance in series. (See figure 8. 7. ) 


Electrons formed during the primary ionizing event and by gas 
amplification are attracted to the central wire (positive electrode) and. 
rush to the load resistor creating a voltage drop across the resistor. 
This is formed as a voltage ''pulse", amplified by a amplifier circuit, 
and eventually counted as a single count. The height or size of the 
pulse depends only upon the number of electrons collected for a given 


99 


Vp 


t 


Figure 8.7 Simplified Standard Detector Circuit 


detector tube; the number of electrons collected depends both on the 
specific ionization (number of ion pairs formed per unit of travel) of 
the radiation and the gas amplification. 


8-4 GAS AMPLIFICATION 


The width of the pulse is a measure of the time it takes for the 
detector tube to recharge to its original voltage; i.e., it is a meas- 
ure of the product of the resistor, and the capacitance of the detec- 
tor tube. The gas amplification factor varies with probe voltage as 
shown in figure 8.8. The exact values for probe voltage for each 
region will depend upon the physical characteristics of the detector 
tube, the gas in the sensitive volume, and the pressure of the gas. 


Region I is called the ionization chamber region. In this region, 
with the applied voltage at zero, an ionizing event (passage of radi- 
ation through the sensitive volume) may occur; but the ion pairs 
formed will all recombine to form neutral atoms. 


No electrons are collected and the amplification factor is zero. 
With a low voltage applied, a low value of field intensity will be ob- 
tained and a few electrons will be collected and the others will re- 
combine with positive ions. The amplification factor is less than one 
since not all of the electrons formed are collected. As the voltage is 
increased, a point (Vs) is reached at which the amplification factor is 
one, and it remains equal to one for a relatively large change in ap- 
plied voltage. This area of constant amplification factor equal to one 
is often called the ionization chamber region plateau. In this plateau 
region, there is one electron collected for each electron formed in 
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Figure 8.8 Gas Amplification 


ionization events. In Region I, the voltage range from zero to Vg is 
the recombination subregion; from Vg to Vp is the saturation sub- 
region. 


Vp is the threshold voltage of Region H, the proportional region. 
At this point, a process of secondary ionization is initiated which pro- 
vides additional electrons for collection. More electrons are collected 
than are produced directly by the ionizing radiation, and the ampli- 
fication factor is greater than one. Secondary ionization begins when 
an electron formed by the ionizing radiation is accelerated enough by 
the electric field to cause ionization of other gas atoms. An increase 
in detector voltage above Vp will cause a proportional increase in the 
number of secondary ionizations each primary electron causes, and 
an increase of gas amplification occurs correspondingly. This in- 
crease is approximately linear (straight line) on a semilog graph pres- 
entation until gas-amplification factors of the order of 103 or 104 are 
obtained. It is for this reason that this region is called the propor- 
tional region. 


It should be remembered that for a coaxial detector of the type 
under discussion, high-field intensities and strong forces are found 
only in the immediate vicinity of the central electrode, where the elec- 
tric field lines converge. Only close to the central wire will primary 
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electrons acquire enough energy to cause secondary ionization. Ina 
detector of the usual design, all secondary ionizations will take place 
within about 5 mils (0. 005 inch) of the central wire, and the central wire 
must be corresponding very thin. 


At V1}, which marks the upper end of the proportional region and 
the threshold of Region III (the limited proportional region), the ampli- 
fication factor begins to increase more quickly and is no longer linear. 


In the last general region, Region IV (the Geiger-Mueller Region), 
the amplification factor reaches its highest controllable values. This 
region runs from Vg to V,. Above Vj there will be a continuous dis- 


charge where secondary ionization will be uncontrollable and the tube 
will be continually conductive. 


8-5 PULSE HEIGHT 


In general, the pulse height or size depends upon both the ampli- 
fication factor and the number of primary electrons formed by a radi- 
ation particle or photon passing through the detector. The number of 
primary electrons is of course directly related to the number of ion- 
izations per unit length of travel, or specific ionization, of the radi- 
ation. 


Since alpha particles have the highest specific ionization, they 
will, in general, produce the highest pulses. Beta particles having a 
specific ionization of about 1/100 that of alpha particles of equivalent 
energy, produce pulses about 1/100 the amplitude of those produced 
by alphas. Gamma photons, having a specific ionization about 1/100 
that of the beta, produce correspondingly lower pulses. See figure 8.9. 


In the ionization chamber region and in the proportional region, 
the pulse size is directly related to the ionizing ability of the various 
types of radiation, with a straight line or linear increase in the pro- 
portional region (for a semilog presentation). 


At Vj, which marks the upper end of the proportional region and 
the threshold voltage of the limited proportional region, the linear 
increase in pulse height with increase in voltage is no longer obtained. 
Throughout the proportional region, the pulse-forming discharge of 
secondary ionizations is confined to a small segment of the length of 
the central electrode. At V1, the discharge starts to spread along the 
length of the central electrode, causing the pulse height curves for the 
different types of radiation to start converging. 
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Pulse Height 


To discuss the mechanism that causes this spread in the dis- 
charge, it is necessary to refer to the structure of the atoms which 
make up the gas filling of the detector. Argon, which is commonly 
used and has an atomic number of 18, has 18 protons and 18 orbital 
electrons arranged as shown in figure 8.10. The innermost shell of 
two electrons is the K shell. K shell electrons, being closest to the 
nucleus, are bound rather tightly. Energies of about 1 Kev are nec- 
essary to remove a K shell electron from an argon atom. The L 
shell, the next outer electron shell, contains eight electrons. These 
electrons, being farther from the nucleus than K shell electrons and 
having the positive nuclear charge partially screened by the K shell 
electrons, are bound less tightly. Energies of about 100 ev are re- 
quired to remove an L shell electron from an argon atom. The outer- 
most shell, the M shell, being farthest from the nucleus and having 
the positive nuclear charge screened by both K and L shell electrons, 
is bound least tightly. Removal of an M shell electron requires ener- 
gy equal to the first ionization potential of argon, 15.68 ev. 


Since the second ionization potential of argon is 27. 76 ev, the re- 


moval of a second electron from the outer shell of an argon atom re- 
quires somewhat more energy. 
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Figure 8.10 Argon Atom 


When gas amplification occurs in a proportional detector, the 
primary electrons cause a number of excitations as well as secondary 
ionizations. These excitations in the proportional region usually ef- 
fect only the M shell electrons of ionization gas atoms. The photons 
emitted by the excited atoms will have energies less than the first 
ionization potential of argon and will be unable to form ion pairs when 
absorbed by the surrounding gas atoms. Above Vj, the primary and 
some secondary electrons acquire sufficient energy from the electric 
field to cause excitation of the K and L shell electrons. Excitations 
of argon M shell electrons already ionized also may take place. In 
each case, it is possible for the energy of excitation to exceed 15. 68 
ev, the first ionization potential of argon. Photons emitted by such 
excited atoms or ions can have energies in excess of 15. 68 ev and will 
be able to ionize surrounding gas atoms which absorb them. This 
process is photoionization. 


Since the photons emitted from the region in which gas amplifi- 
cation is taking place are emitted in all directions, some photoion- 
izations will occur at various points along the length of the central 
electrode. Electrons resulting from such ionizations will be acceler- 
ated toward the central electrode and may cause additional secondary 
ionization. The net result of the emission of these photons and the 
photoionization is a spread of the discharge along the length of the 
central electrode. This spread of the discharge is initiated at V;. 

The discharge will spread over a longer length of the central electrode 
as the voltage is raised above V}. 


At some voltage, the original discharge will have spread over the 
entire length of the central electrode. At this voltage, the discharge 


104 


would appear to be self-sustaining, since the original discharge pro- | 
duces photons which cause photoionization, and the electrons released 
by photoionization cause additional secondary ionizations. Photons 
may be emitted by excited atoms in the regions of these additional 
secondary ionizations, causing further ionization, and so on. How- 
ever, the discharge is not self-sustaining at the voltage under con- 
sideration because a positive ion sheath develops as the discharge 
spreads. 


For each of the electrons collected in a discharge, a relatively 
immobile positive ion is left in approximately the original position of 
the gas atom when the ionization occurred. In a discharge that occu- 
pies the entire length of the central electrode, most of the electrons 
collected result from secondary ionization occurring within a few mils 
of the surface of the central electrode. The time required to develop 
such a discharge and to collect the electrons is of the order of 10-7 
seconds, during which time the positive ions move very little and can 
be considered essentially stationary. Verification of this may be ob- 
tained by consideration of the mass of the positive ions, which is of 
the order of 10° times the electron mass. The same forces act on 
both positive ions and electrons. During the time required to move 
the electrons the short distance to the central electrode, the positive 


ions will move in the opposite direction, only about 107 Sas far. This 
positive ion motion during the discharge is negligible. It may be con- 
sidered that the collection of the electrons develops a sheath of positive 
ions surrounding the central electrode. 


The presence of the positive ion sheath will affect the electric 
field near the central electrode. Since both the central electrode and 
the ion sheath are positively charged, the effect of the ion sheath is a 
reduction of the field intensity near the central electrode. 


The discharge will continue until a positiye ion sheath of density 
sufficient to reduce the field below the value required to sustain sec- 
ondary ionization is established. In this manner, known as electro- 
static quenching, the discharge is terminated. 


Large numbers of electrons are collected in such a process, and 
pulse heights of considerable magnitude are obtained. Since the dis- 
charge continues until quenched by the positive ion sheath, the pulse 
height is no longer directly proportional to the number of primary 
electrons. With large numbers of primary electrons, as available 
from ionization by an alpha particle, a discharge extending along the 
entire length of the central electrode will be obtained at a somewhat 
lower voltage than would be the case with only a few primary electrons 
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available as from ionization by a gamma photon. However, with suf- 
ficient voltage, a point will be reached where one primary electron 
will cause such a discharge. This voltage, Vg, is the threshold of the 
Geiger-Mueller region, region IV of figure 8. 8. 


A detector operating in region IV is a Geiger-Mueller detector. 
Since only one ion pair is required to initiate a discharge, these de- 
tectors are well suited for detection of gamma rays. Pulse heights 
between 10 and 100 volts are obtained with Geiger-Mueller detectors. 


An increase in applied voltage above Vg results in a small in- 
crease in pulse height. At any voltage equal to or greater than Vg, one 
ion pair will initiate a discharge that will spread until electrostatic 
quenching occurs. Quenching depends on the development of a positive- 
ion sheath near the central electrode of sufficient density to reduce the 
field near the electrode below the value required to sustain secondary 
ionization. An increase in voltage above Vg results in an increase in 
field intensity near the central electrode and requires an increase in 
positive-ion sheath density to accomplish electrostatic quenching. 

This results in an increase in pulse height, since the number of pos- 
itive ions in the sheath must be approximately equal to the number of 
electrons collected. 


At some level above Vg, the breakdown voltage, Vp, is reached. 
At V), the field intensity near the central electrode is such that pos- 
itive ions are accelerated away from their original positions too rapid- 
ly to form an ion sheath. Electrostatic quenching no longer occurs, 
and the discharge becomes self-sustaining, or continuous. V, marks 
the upper end of the region IV, the Geiger-Mueller region. 


8-6 IONIZATION CHAMBERS 
An ionization chamber is a gas type detector which operates in 


the ionization chamber region of the pulse height curve (See figure 
8.9). 
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Figure 8.11 Fundamental Circuit 
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Figure 8.11 is a schematic diagram of such a chamber. The 
chamber voltage is always adjusted to provide for operation in the 
saturation subregion of the ionization chamber region. Signal gener- 
ation is accomplished by collection of electrons at the central electrode 
which rush to the load resistor, R. This collection, which is accom- 
plished in about 10-7 seconds, produces a negative electrical pulse 
at the resistor. The duration of the output signal pulse is determined 
by the time constant of the detector circuit (time for electrons to pass 
through load resistor) and will usually be 10 to 50 microseconds. 
Amplitude of the pulse will be determined by the number of ion pairs 
formed by the incident particle. Alpha particles of moderate energy, 
produce pulses of about one millivolt, and beta particles in the same 
energy range give pulses several microvolts in height. The detector 
output is normally connected directly to the input of an electronic 
amplifier whose function is to amplify the pulses to an average ampli- 
tude of several volts. Any amplifier, even a high quality one, will have 
associated with its input circuit an electrical noise level on the order 
of several microvolts. Noise voltage waveforms are positive and 
negative random pulses and, if of sufficient amplitude, will trigger 
counting or indicating circuits in the same manner as a radiation in- 
duced signal. 


Since noise pulses of 10- to 20-microvolt amplitude are to be ex- 
pected with even a high-quality amplifier, the pulse-counting ionization 
chamber cannot be used to detect particles of low specific ionization 
(beta and gamma rays). Such a chamber is usually used for alpha 
particle detection, although some special purpose chambers for de- 
tection of protons and fission fragments have been used. The pulse- 
counting ionization chamber is quite satisfactory for detection of alpha 
particles, and it offers several definite advantages for this application. 
Since the pulses formed by beta and gamma radiation are so low in 
amplitude, this detector can detect alphas in the presence of beta and 
gamma radiation. Operation of the chamber is normally at a conven- 
iently moderate voltage, usually 300 volts or less. Low to moderate 
voltages are feasible since the only functions of the electric field are 
prevention of recombination and collection of electrons. Voltages 
high enough to cause secondary ionization are not required for opera- 
tion in the ionization chamber region. 


If the detector load resistor is made very large (1019 to 1012 
ohms), an entirely different type of detector operation results. The 
time constant of the detector circuit will now be on the order of one 
second instead of several microseconds, and electrons collected on 
the anode will not have time to "leak off’ through the load resistor 
between pulses. Thus, there will be an almost steady current through 
the load resistor which is proportional to the rate at which primary 
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ions are being formed in the detector, and the voltage across the load 
resistcr will be proportional to the intensity of the radiation measured 
in dose rate units. This is shown in figure 8. 12. 


TIME 





Figure 8.12 Output Vo Buildup by Continuous Flow 
of Electron Pulses Collected on the Anode 


When the ion chamber detector is used as above, it is called an 
integrating ion chamber, as opposed to the pulse-counting ion chamber 
described before. The integrating ion chamber differs fon the pulse- 
counting ion chamber in that the integrating chamber measures: 

1. Beta and gamma radiation as well as alpha radiation. 


2. Radiation intensity rather than individual pulses. 


In order to measure only gamma radiation, or only beta and 
gamma radiation, or alpha, beta, and gamma radiation, a system 
similar to the one shown in figure 8.13 is used. Shield 1 is ten or 
more half-thicknesses to beta radiation, and shield 2 is the same for 
alpha radiation. With both shields in front of the detector, only gamma 
radiation is measured. When shield 1 is removed, beta plus gamma 
intensity is measured; and when shields 1 and 2 are removed, alpha, 
beta, and gamma radiation are able to enter the chamber. The cham- 
ber wall itself is a thin nylon screen coated with aquadag (an emulsion 
of graphite), which is thin enough to admit alpha particles but still 
permits a uniform electric field within the chamber. Of course, when 
shields 1 and 2 are removed, the instrument becomes primarily an 
alpha counter, due to the high ionizing ability of alpha radiation (see 
table I). Similarly, when only shield 1 is removed, the instrument is 
primarily a beta counter. 
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Figure 8.13 Chamber Shielding Arrangement 


Integrating ionization chambers are quite suitable for survey 
instruments since their output voltage is proportional to dose rate, and 
their relatively low detector voltages make them suitable for portable 
use. 


8-7 PROPORTIONAL DETECTORS 


A proportional detector is a gas-type detector which operates in 
the proportional region of the pulse height curve. Typical operating 
voltages run between 1500 and 2500 volts. 


In the proportional region, the amplification factor (A) is greater 
than one. The pulse output depends upon the number of electrons col- 
lected and the pulse duration depends upon the particular time con- 
stants of the chamber. Most proportional detectors have a recovery 
time of about 10-4 seconds. 


The difference between the proportional counter and the pulse- 
counting ionization chamber is mainly in the size of the output pulse. 
The output pulse from a proportional counter can be made several 
thousand times larger than a pulse from an ionization chamber. 


The gas amplification factor of a typical proportional counter is 


between 102 and 104. A beta particle would then give a pulse around 
one hundred times smaller than an alpha pulse. 


The proportional counter may be used to count many things. Two 
of its applications are as an alpha counter and as a neutron counter. 
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Neutron counters are at present not being used by military in the field. 
They have in the past used counter tubes lined with boron-10 to detect 
slow neutrons. For use in submarines, the Navy is developing a small 
survey meter using a B+” type tube for slow neutrons and a methane 
tube for fast neutrons. 


Proportional counters are used at present in the field to detect 
alpha contamination. Alpha counters, since the alpha particle must 
get into the sensitive volume, have a very thin conducting chamber 
wall. This thin wall will not support a very large difference in gas 
pressure between the counting gas and the outside atmosphere, and 
the pressure in the chamber is equalized with outside pressure, and 
is not airtight. This makes the chamber gas pressure depend upon 
atmospheric pressure, which will change the gas amplification with a 
change in altitude. 


Proportion detectors operate on a small plateau in the proportion- 
al region. In figure 8.14, a plot of a counts per minute "plateau" 
versus probe voltage is made. Region I is due to the pulses from only 
the higher energy alphas being counted. Region II gives an almost 
constant number of CPM. In this voltage range, almost all of the 
alphas that penetrate the thin chamber wall give an output pulse large 
enough to be counted. 


With a further increase in probe voltage in region III, pulses 
caused by beta particles are counted by the detector circuits. If the 
probe voltage drops too low, the alpha counter may stop counting as 
is shown by region I. 
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Figure 8.14 CPM "Plateau" Curve of Proportional 
Alpha Counter 
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Various counting gases will give a different gas amplification fac- 
tor at the same pressure due to the different energy required to ionize 
their gas molecules. This can be seen using air and propane gas as 
examples. Air at sea level pressure has a "plateau" with a voltage 
range around 2200 to 2400 volts. For propane gas at the same pres- 
sure, the voltage range of the "plateau" is about 1600 to 1800 volts. 


By using propane gas instead of air, a lower probe voltage may be 
used. 


If it becomes necessary to operate a proportional alpha counter 
at various altitudes, the instrument should be readjusted. Figure 8.15 
shows the shift in the CPM "plateau" for changes in altitude. This 
shift could make an instrument "beta sensitive" or stop counting the 
alphas, depending on which way the curve moves. 
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Figure 8.15 "Plateau" Shift With Altitude 


Radiac equipment for counting in the proportional region general- 
ly consists of a detector chamber, with its load resistor, and a stable 
high-voltage power supply providing an output pulse to an amplifier 
which discriminates against the smaller pulses. The amplified pulse 
goes to a trigger circuit which sends out standard-sized uniform 
pulses to a count-rate meter. 


8-8 GEIGER-MUELLER DETECTORS 
In this section, we shall consider detectors which operate in the 


Geiger-Mueller region of the pulse height versus applied voltage curve 
(see figure 8. 9). 
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Figure 8.16 Proportional Counter Diagram 





Remember that in the cylindrical gas-filled detector voltage (V,) 
was reached when K and L shell photons emitted near or at the anode 
had spread the discharge along the entire length of the anode. Then, 
as the applied voltage was increased above Vg, more positive ions 
were needed to electrostatically quench the discharge. Thus, even 
greater pulse heights were obtained until finally, at Vp, the discharge 
became continuous. 


Consider the formation and subsequent motion of the positive ion 
"sheath." Since all the positive ions are formed in about 10-7 seconds, 
and since they travel to the cathode in about 10-2 seconds, they can be 
thought of as existing in a very thin cylindrical layer, or sheath, con- 
centric around the anode. 


Obviously, at the time the ion sheath is formed, the detector will 
be completely insensitive to incoming radiation. As the sheath moves 
toward the cathode, the field strength near the anode increases. Finally 
an incoming particle or photon of radiation will again cause electrons 
to be collected on the anode and produce a voltage pulse. At this time, 
when the detector is again sensitive to radiation, the positive ion sheath 
is said to have reached its critical radius. 


The time that it takes the ion sheath to reach the critical radius 
is known as dead time, since the detector is "dead" during this time. 
Dead time is actually defined as being measured from the time the 
radiation particle or photon enters the sensitive volume until the time 
that the ion sheath reaches the critical radius. For practical purposes, 
dead time may be considered as the time the ion sheath takes to travel 
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from the anode to the critical radius. Dead time will be smaller for 
® greater applied voltage due to the increased field strength in the 
sensitive volume. 


After the ion sheath has reached the critical radius, it will con- 
tinue to the cathode. The time this sheath takes to travel from criti- 
cal radius to the cathode is known as recovery time (see figure 8. 17). 
During recovery time, the detector will deliver a voltage pulse across 
its load resistor for an incoming particle or photon. When the ion 
sheath is just beyond the critical radius, the detector will deliver a 
very small number of electrons collected at the anode. Or, if the ion 
sheath moves further towards the cathode and the field in the tube in- 
creases, incoming particles will cause larger and larger voltage 
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Figure 8.17 Movement of Positive Ion Sheath With Time 
Figure 8.18 shows the expected pulse height when time, t, has 
elapsed between the entry of an initial radiation particle or photon and 
the entry of a second particle or photon giving a pulse cof amplitude dV. 
Figure 8.18 exhibits the fact that, after the Geiger detector has 
once discharged, we may expect pulse heights from zero up to normal 


amplitude from subsequent radiation. 


In a noble gas-(neon, argon, etc. ) filled detector, the neutralization 
of the positive ion sheath gives rise to a process known as retriggering, 
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which can be explained in the following manner. When the positive 
ions are neutralized at the detector cathode, photons are emitted as 

a part of the electron-capture process. One or more of these photons 
may cause emission of a photoelectron from the cathode surface, since 
the work function of this surface is considerably lower than the energy 
of the photons. Furthermore, the photoelectron may leave the cathode 
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Figure 8.18 Pulse Heights to be Expected as Positive 
Ion Sheath Moves to Cathode 


surface and enter the sensitive volume. Once in the sensitive volume, 
the photoelectron will act just like a primary electron produced by 
radiation and will retrigger the detector, producing a false count. 


Because of this retriggering process which, in noble gas-filled 
detectors, takes place throughout the Geiger region, the detector will 
be useless in the Geiger region unless some additional form of quench- 
ing is employed. 


Two possible methods of internal quenching may be employed to 
prevent retriggering. Instead of filling the detector with only a noble 
gas, we may use a mixture of a noble gas and a polyatomic gas, where 
molecules contain at least four atoms, or a mixture of a noble gas and 
a halogen gas (F9, Clo, etc. ) 


Both of these methods lead essentially to the same physical proc- 
ess. As the positive ion sheath moves out to the cathode, an electron- 
transfer process from the polyatomic or halogen gas molecules to the 
ionized noble-gas molecules takes place. 
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The deionization photons from this neutralization process will, in 
traveling through the sensitive volume, probably collide with poly- 
atomic or halogen molecules. This collision causes these molecules 
to dissociate (break up) and thus absorb most of the photon energies. 
Any residual energy not absorbed in this dissociation process will be 
reradiated by the dissociated molecules as low-energy photons not 
energetic enough to cause a retriggering electron from the cathode. 


The polyatomic or halogen molecules which have been ionized in 
the electron-transfer process will be attracted to the cathode and will 
be neutralized at the cathode. Instead of emitting a deionizing photon, 
these polyatomic or halogen molecules will consume energy by dis- 
sociating and radiating any residual energy in low-energy photons, 
which will be incapable of producing a photoelectron from the cathode. 
Thus, retriggering is prevented by the use of a polyatomic or halogen 


gas. 


There is still a finite probability of retriggering. The photon re- 
sulting from the transfer of an electron to a noble gas ion may reach 
the cathode without encountering a polyatomic or halogen molecule 
and produce a retriggering photoelectron. Or anoble gas ion may 
travel to the cathode without encountering a polyatomic molecule and 
retrigger as described before. Or, finally, a polyatomic or halogen 
ion may emit a photon when neutralized, rather than dissociate. Since 
none of these three means of retriggering is very probable, we may 
expect to count hundreds or thousands of radiation particles or photons 
with a self-quenched detector without more than one or two "false 
counts" due to retriggering. 


Using a polyatomic gas such as methane, concentration of 5 per- 
cent by volume will provide satisfactory operation of a Geiger detector 
through a fairly wide voltage range. However, the use of polyatomic 
gas quenching gives the detector a limited lifetime, which usually 
varies from 108 to 1012 counts. Because of this, after a quantity of 
the polyatomic gas is used up (dissociated), the detector will no longer 
be self-quenching and will retrigger. 


Using a halogen gas, such as Clg in place of the polyatomic gas, 
will result in a practically unlimited detector lifetime. The chlorine 
molecules, once dissociated into C1, will recombine and form useful 
Clg molecules again. However, the halogen elements are very cor- 
rosive and will tend to corrode the metallic surfaces inside the de- 
tector. Since the halogen and polyatomic gases have these separate 
advantages and disadvantages, we find that in practice both are used 
for the internally or self-quenched Geiger detector. 
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Figure 8.20 Geiger Region Counting 
Characteristic Curve 


External quenching may also be employed with a Geiger detector 
instead of internal quenching, utilizing a halogen or polyatomic gas. 
An external circuit may be used to lower the detector applied voltage 
until after the positive ion sheath has been neutralized at the cathode. 
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This keeps the detector out of the Geiger region for a short interval 
of time following each discharge and prevents retriggering. 


Having achieved, either through internal or external quenching, 
a detector which will not retrigger in the Geiger region, it is interest- 
ing to plot what is called a counting characteristic curve on this de- 
tector. Figure 8.19 shows a Geiger detector held at a fixed distance 
from a fixed source and connected to a variable high-voltage supply. 
The detector is feeding pulses to a counting system. 


This arrangement enables us to plot a counting characteristic 
curve, which is a plot of counts per minute recorded in the counting 
system versus detector applied voltage. The plot will probably re- 
semble figure 8.20 and will have a practically flat portion or "plateau." 


Below Vg, (in the limited proportional region), some pulses are 
too small to be counted by the counting system and are lost; hence, the 
increase in counting rate with applied voltage. At Vg and above (in the 
Geiger region), all pulses are the same size (neglecting those lost dur- 
ing dead time and recovery time), and a maximum number of particles 
or photons coming from the source are being counted. It should be 
emphasized here that this is not a pulse-height curve (although re- 
sembling one) since the ordinate is counts per minute. 


Notice that the counting characteristic curve has a slight positive 
slope over its plateau. This is due to spurious or false counts which 
are caused by retriggering in spite of the polyatomic or halogen gas 
filling. As the detector applied voltage increases over the plateau, 
more and more false counts are registered on the scalar due to the 
ever-increasing number of positive ions necessary to electrostatically 
quench the discharge, and with this is the ever-increasing probability 
of getting a retriggering photoelectron from the cathode surface. 


Finally, at Vg, a sudden increase in counting rate marks the 
upper end of the plateau. This sudden increase is due toa penta 
which causes the detector to retrigger almost continually. 


The plateau of the counting characteristic curve is recognized as 
the useful operating voltage region of the Geiger detector. Since 
counting characteristics of similar Geiger detectors may vary con- 
siderably, it is usually advisable to plot a counting characteristic 
curve of each individual detector, and then operate the detector some- 
where near the center of its plateau. Plateaus are in the order of hun- 
dreds of volts long, and usually will lie between 500 and 2000 volts. 
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The slope of the plateau should be as near zero as possible so that 
only small increases or decreases in false counts will be obtained 
with a variation of applied voltage. 


In conclusion, several statements may be made about Geiger de- 
tectors based on their discharge phenomena, quenching, counting char- 
acteristics, etc.: 


1. They are very sensitive, due to the high gas-amplification 
factors of about 108, 


2. They are stable over a very wide range of applied voltages. 


3. Due to the dead time after each pulse, they have a limited 
counting rate in the order of 10% counts per second. 


4. They cannot discriminate between types or energies of radi- 
ation, since all output pulses are of the same shape and am- 
plitude (except those during recovery time). 


5. They must be quenched by some means which will prevent 
retriggering after delivering an initial pulse. 


6. If they contain a_polyatomic gas for quenching purposes, they 
will have a finite lifetime on the order of 1019 counts. 


8-9 SCINTILLATION DETECTORS 


The detectors considered to this point have all been gas ionization 
detectors and have been subject to certain limitations. These limita- 
tions are particularly evident in the case of the Geiger-Mueller de- 
tector, and they involve both detector efficiency and maximum counting 
rate capability. Detector efficiency, which may be defined as the per- 
centage of particles passing through the sensitive volume that produce 
an output pulse, is low, usually about 1 percent for gamma detection 
by a Geiger-Mueller tube. The maximum counting rate capability of 
a Geiger-Mueller detector is also low, usually about 10% counts per 
second. 


A different type of detector, the scintillation detector, has been 
developed to overcome these limitations. A scintillation detector con- 
sists of two elements: a fluorescent material and a photomultiplier 
tube. The fluorescent material fills the sensitive volume and will 
absorb energy from incident radiation. Some of the absorbed energy, 
usually about one-third, will be emitted as photons of visible or ultra- 


violet light. Some, usually about half, of these photons impinge on the 
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photocathode. of a photomultiplier tube causing photoelectric emission. 
The photoelectrons are attracted to electrodes called dynodes, where 
secondary emission takes place, resulting in signal amplification. 
The final electrode is a collector, where electrons are collected, and 
an output signal is obtained. Figure 8.21 is a schematic illustration of 
the principal elements of a scintillation detector. 
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FLOURESCENT MATERIAL PHOTOMULTIPLIER TUBE 


Figure 8.21 Functional Block Diagram 
Scintillation Detector 


The fluorescent material which occupies the sensitive volume is 
usually a solid or liquid of moderately high density. In a relatively 
dense medium, there is a high probability of gamma interaction oc- 
curring in a short distance so that detection efficiencies approaching 
100 percent for gammas can be obtained. The de-excitation time is 
usually the factor determining the maximum counting rate possible. 
De-excitation time is defined as the time interval between absorption 
of energy from the incident radiation and emission of the photons of 
the fluorescent material. This time is usually less than one micro- 
second and for certain materials is as short as 10-8 seconds. Asa 
result, the maximum counting rate capability of a scintillation de- 
tector may be as high as 108 counts per second. 


The photomultiplier tube consists of a photocathode, dynodes, and 
collector (anode) arranged in either of the two arrangements illustrated 
in figure 8. 22. 


The photo cathode is usually an oxidized alkali metal surface. 
Alkali metals are used because they have low-work functions, and the 
surfaces are oxidized to further reduce the work function. The work 
function of a surface is a measure of the amount of energy an electron 
must have to leave the surface. Since, in a scintillation detector, the 
photons incident on the photocathode are of relatively low energy (usu- 
ally around 3 or 4 ev), an extremely low-work function is necessary 
for proper operation. 
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Figure 8.22 Photomultiplier Tube Arrangements 


The dynode surfaces, where secondary emission takes place, are 
usually an oxidized silver-cesium alloy. Of particular interest at a 
dynode surface is the secondary-emission yield factor, R, which may 
be defined as the ratio of the number of electrons emitted to the num- 
ber of electrons impinging on the surface. As indicated in figure 8. 23, 


the secondary-emission yield factor is a function of interdynode voltage, 
and varies over a wide range. 
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Figure 8.23 Accelerating Voltage of Primary 
Electrons (Volts) 


The total gain of a photomultiplier tube with n dynodes is given by 
the equation: 


G = R2 
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where n = number of dynodes 
G = total gain 
R = secondary-emission yield factor. 


Since the secondary-emission yield factor is a function of the inter- 
dynode voltage, the gain of the tube will be an extremely sensitive 
function of tube voltage. In practice, with a 10-stage tube, a 1 percent 
change in applied voltage will result in approximately a 10 percent 
change in gain. Hence, for satisfactory operation, an extremely well 
regulated voltage supply is necessary. This feature of scintillation 
detectors generally restricts their application to laboratory use; al- 
though, with careful design, it is possible to incorporate these de- 
tectors in portable survey equipment. A second and most severe 
limitation of scintillation detectors is their fairly high noise output. 
This noise is usually expressed in terms of dark current, which 
measures the number of electrons arriving at the collector with no 
illumination on the photocathode. Dark current comes from two prin- 
cipal causes: ohmic leakage and thermionic emission. Of these, 
thermionic emission is most critical and occurs at the low-work func- 
tion photocathode even at room temperatures. Electrons emitted by 
this process (thermionic emission) will be attracted to the dynodes 
and will cause a secondary emission. The net effect of the thermionic 
emission from the photocathode is an output pulse of essentially the 
same amplitude as a signal pulse. In many applications, noise pulses 
resulting from thermionic emissions are serious enough to necessitate 
cooling of the photomultiplier tube to reduce the number of noise pulses. 
Interdynode voltages of 80 to 100 volts, giving a secondary- emission 
yield factor of about 4, are usually chosen for photomultiplier tube 
operation. At higher interdynode voltages, excessive high noise out- 
puts, resulting from both thermionic emission and ohmic leakage, are 
obtained, thus making higher operating voltages impractical. 


One technique that is useful in reducing the noise output of a 
scintillation detector is the employment of two photomultipliers with 
a coincidence circuit as indicated in figure 8.24. 


The coincidence circuit will produce an output pulse only when it 
receives an input pulse from both photomultiplier tubes simultaneously. 
A particle of radiation exciting the fluorescent material will normally 
produce photons that strike both photomultiplier tube cathodes at the 
same time and cause the coincidence circuit to be operated, producing 
a radiation induced output pulse. Only very infrequently will both tubes 
produce a noise pulse simultaneously, so very few of the output pulses 
of the coincidence circuit will be noise-induced pulses. 
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Figure 8.24 Scintillation Detectors Coincidence Arrangement 


8-10 NEUTRON DETECTION 


Since neutrons have no charge, they do not react with electrons 
to produce ionization. It is, therefore, necessary to use indirect 
means to detect neutrons. To do this, two types of interactions are 
used, a nuclear reaction or a recoil reaction. In the nuclear reaction, 
the neutron enters the nucleus which then emits ionizing radiation, de- 
tectable by ordinary means. The recoil reaction is a collision of a 
neutron with a light atom; the light atom recoils with great speed and 
produces ionization in its path. The former reaction is used mainly 
for the detection of slow neutrons, while the latter is used to detect 
fast neutrons. 


There are several types of counters which use nuclear reactions. 
The most common type uses the boron reaction: 


5B19 + onl = gli’ + 04 + 2.5 Mev. 


A boron-10 atom absorbs a neutron and then splits into a lithium ion 
and an alpha particle, both of which produce considerable ionization. 
The boron which is in the ionization chamber may be either in the 
form of a gas such as boron trifluoride or in the form of a thin coating 
of boron or a boron compound on the chamber sides. Since boron con- 
tains only 19 percent boron-10, the efficiency of the detector can be 
increased considerably by using boron enriched in the 10 isotope. 
Boron counters detect only slow neutrons i.e., less than 1 ev because 
the cross section for this reaction is extremely small for faster neu- 
trons. 
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A chamber containing uranium can also be used to detect neu- 
trons. Uranium-235 will absorb a slow neutron and fission, a process 
producing considerable ionization. To detect slow neutrons, it is pref- 
erable that the uranium be enriched in the 235 isotope, as only this 
isotope will fission with slow neutrons. Unfortunately, enriched ura- 
nium is expensive and difficult to obtain. By using depleted uranium, 

a fast neutron detector can be built, since uranium-238 will fission 
with fast neutrons. This depleted uranium is inexpensive and available. 


The recoil effect is used in the detection of fast or energetic neu- 
trons. A neutron collides with the nucleus of a light atom, sending the 
atom off at great speed and ionizing it. For hydrogen, the recoil par- 
ticles are simply protons. These high-energy protons ionize heavily 
and are therefore easily detectable. To provide hydrogen, counters 
may be filled with an organic gas. Another procedure is to place a 
piece of paraffin, a material rich in hydrogen, at one end of the counter 
and fill the chamber with an inert gas. Neutrons eject recoil protons 
from the paraffin which ionize the gas. This sort of counter is usually 
operated in the proportional region. 


Scintillation counters, discussed in chapter 7, can be adapted to 
count neutrons. An element which gives off ionizing radiation under 
neutron bombardment (e. g., boron-10) is incorporated in the scintil- 
lation crystal. An incoming neutron reacts with the boron to give an 
alpha particle which in turn reacts with the scintillator to produce a 
scintillation. One useful counter uses a liquid organic scintillator 
composed partly of methyl borate. Slow neutrons are counted by this 
type of detector, but fast neutrons can be counted if sufficient hydro- 
genous material is added to the scintillation crystal. 


If it is not necessary to distinguish between slow and fast neutrons, 
a slow neutron counter can be used to count fast neutrons by surround- 
ing the counter with paraffin or another suitable moderator. This 
slows fast neutrons to detectable speeds. 


8-11 DOSIMETERS 


Dosimeter is a name applied to a class of radiation detection 
equipment. There are several different types which will be lumped 
together under this one heading. The purpose of these instruments is 
to measure the amount of radiation to which an individual or part there- 
of has been exposed. Note that these measure the radiation "after" 
you have got it, not 'while"’ you are getting it like a survey instrument. 


The first type of dosimeter to be considered is an ionization cham- 
ber. These chambers are charged to a certain voltage in the ionization 
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chamber region of the pulse height curve. Then the ionization pro- 
duced by the radiation (usually gamma) in the chamber causes its volt- 
age to drop. The change in voltage is measured with an electroscope, 
and this change can be related to the number of ion pairs formed in the 
chamber to give the exposure dose. Figure 8.25 shows a charger- 
reader, which consists of a battery and a potentiometer for the charger 
and an electroscope for the reader. The charger-reader is used with 
only some of the ionization chamber dosimeters. 











TO DOSIMETER SOCKET 


POTENTIOMETER 
CHARGING BUTTON 


LAMP 


STG 76-60 
15 FES 60 


CHARGER READER CUTAWAY 


Figure 8.25 Charger-Reader Used With a Pocket Chamber 


‘There are two classes of ionization chamber dosimeters: pocket 
chambers and pocket dosimeters. A pocket chamber is used with the 
charger reader shown above since it consists of the ionization chamber 
only. A pocket dosimeter, shown in figure 8.27, needs only a charging 
voltage source or charger since it consists of the ionization chamber 
and a built-in electroscope. Therefore pocket dosimeters are called 
self-reading, since its reader is built in, and pocket chambers are 
non- self-reading. Ionization chamber dosimeters can be made for 


various ranges of radiation; a common range is from 0 to 200 mr. 





The next type of dosimeter to be considered is the common film 
badge. While film badges are simple in nature, there are several 
details that should be pointed out. A normal film badge packet gener- 
ally consists of two pieces of film; one for low ranges, 20 mr up to l 
r, and the other for high doses, about 1 r up to several hundred r. 
These films are developed and their density or grayness measured 
with a densitometer. A densitometer consists of a light source anda 
photo-cell. 
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Figure 8.26 Pocket Chamber and Dosimeter Scales 
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Figure 8.27 Self-reading Pocket Dosimeter 
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The film packet is surrounded by materials which will give dif- 
ferent exposures to the film depending upon the energy of the incident 
radiation. Some commercial badges have just a small lead clip to 
provide this 'intensifying"' effect. There are special film packets and 
film holders for detecting neutrons. Neutron film badges, when de- 
veloped, show the recoil track of nuclei hit by the neutrons. These 
must be read with a microscope and the number of tracks counted. 


There are several other types of dosimeters that may be found: 
liquid, crystal, and phosphate glass. These dosimeters are tactical 
devices and would be useful in a combat situation. They are generally 
high-range dosimeters with ranges in the 50 to 100 r class. The liquid 
type and the crystal type indicate dose absorption by changing color. 
The liquid changes from red to light yellow as ionization occurs in the 
fluid. The crystal changes from a translucent white to shades of blue 
becoming darker as ionization occurs in the crystal structure. 


The phosphate glass dosimeter or DT-60 changes its fluorescent 
properties as ionization occurs in the glass. The silver phosphate 
molecules, after exposure to gamma radiation, change in structure 
and exhibit a change in fluorescent qualities under the influence of 
ultraviolet light. Using a special ultraviolet light instrument, fairly 
good estimates of total dose over a wide range can be estimated by 
measuring the fluorescence. 


8-12 RADIAC UNITS 


Although most radiac instruments are designed to count pulses, 
most instruments designed to detect beta and gamma radiation are 
calibrated in roentgens per hour or milliroentgens per hour. In so 
doing, an average dose is attributed to each pulse. 


Since alpha particles are not capable of giving an external dose 
to a human, it is not meaningful to consider alpha sources in terms of 
a dose rate. Hence, alpha detection is usually based upon the number 
of disintegrations per minute (dpm) that the radioactive material is 
undergoing, or the number of counts per minute (cpm) that are being 
detected. Each instrument designed for alpha detection will have its 
own particular relationship between the cpm indicated and the number 
of dpm. 


Since neutron interaction and ionization varies from substance to 
substance and since neutron doses are very complicated based upon 
the RBE involved, neutron detectors usually indicate the number of 
neutrons per second per square centimeter of probe area (N/sec/cm2). 
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8-13 THE 1/D* LAW 

Although air does not appreciably absorb neutrons or gamma 
radiation, dose rates or counting rates for these two radiations will 
decrease with distance from the source. The phenomena is similar 
to the decrease in intensity of a light bulb with increased distance 
from the bulb. This decrease is due to a spreading of the radiation 
in all directions. The basic formula for computing the dose rate of 


gamma or the counting rate of neutrons at a point 2 when the dose rate 
or count rate is known at a point 1 is: 


dy \2 
Ro = Ry | — 
do 


Ro is the dose rate or count rate at point 2, unknown. 
R, is the dose rate or count rate at point 1, known. 
d, is the distance to point 1 from source, known. 

do is the distance to point 2 from source, known. 


It is seen that the radiation intensity decreases with the inverse 
square of the distance from the source. 


Another related formula is one that is used for calibration with 


known sources: 
2 
K 


R is dose rate of gamma in roentgens per hour. 
S is the source strength in curies. 
d is the distance from the source. 


K is a constant dependent on the type of gamma emitter used. 
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For example for Ra226, 
K = 1 if dis in yards. 
K = 3 if d is in feet. 
K = 36. 1 if d is in inches. 
For Co®?. 
K = 1.25 if dis in yards. 
K = 3.75 if d is in feet. 


K = 45 if dis in inches. 


8-14 PAC-3G PROPORTIONAL ALPHA COUNTER (See figure 8. 28. ) 
The PAC-3G is a portable instrument which weighs 8-1/2 pounds 

and has three ranges. The PAC-8G is an excellent instrument for 
measuring both low- and high-level alpha contamination. Ranges for 
the 60 cm sensitive area of the probe are: 

X1 0 to 1000 cpm/60 cm? 

X10 0 to 10000 cpm/60 cm2 

X100 0 to 100000 cpm/60 cm? 


With the X20 shield, which blocks all but 1/20 of the sensitive area of 


the probe, readings on the X100 scale can be made up to 2, 000, 000 cpm. 


This instrument operates in the proportional region (1600 -1800 v) 
with propane gas flowing through the probe (20- to 24-hour operating 
life per gas bottle). Only pure grade (99%) propane should be used. 
Propane allows a more uniform counting medium than air, lower oper- 
ating voltages, and better counting properties. Like most proportional 
detectors, the operating voltage is set on a plateau in the proportional 
region. Since the probe pressure is affected by the air pressure in 
area used, the operating voltage must be reset whenever a large change 
in altitude is made. Recalibration is also required at this time. The 
amplification factor changes with altitude, and the operating plateau 
shifts. The higher the altitude, the lower the operating voltage must 
be. See figure 8.15. 
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Figure 8.28 PAC-3G 
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The PAC-3G is one of the best personnel monitoring alpha instru- 
ments since it gives good indications of alpha counts as low as 100 cpm. 
Since this instrument is calibrated to 2x geometry, 1 cpm = 2 dpm. 


8-15 AN/PDR 10 PORTABLE DETECTOR RADIAC (ALPHA) 


The AN/PDR 10 is a portable instrument weighing 8 pounds. It 
is a proportional detector (2600 v) with only one range: 0 to Y0, 000 
dpm/150 cm2. Air is used in the chamber as the sensitive volume. 
The air enters through a desiccant chamber to control moisture. The 
chamber voltage is adjusted:*by charging and then discharging the cham- 
ber. This is a difficult adjustment process. The chamber should be 
recharged every 15 minutes. 


Depending on the chamber voltage setting, it may operate as an 
ionization chamber, a proportional counter, or a corona discharge 
GM tube. 


This instrument requires an extremely well trained operator, 
who must charge the probe and select an operating point periodically 
while monitoring. 


8-16 PAC 1S PORTABLE ALPHA COUNTER (See figure 8.29. ) 


The PAC 1S is a portable alpha counter which weighs 7 pounds. 
It operates on the scintillation principle with a photomultiplier tube 
mounted in the probe. The ranges are: 


X1 0 to 2000 cpm/59 cm? 
X10 0 to 20000 cpm/59 cm 
X100 0 to 200000 cpm/59 cm2 
X1000 0 to 2000000 cpm/59 cm2 


Figure 8.30 shows detector probe construction. Dutch leaf layers 
are used to eliminate light leaks. Mylar is aluminized plastic of about 
0. 00025 inch thickness and serves as probe sensitive area. 


Zinc-silver oxide wet storage cells are used. They are re- 
chargable, have a 200-hour life at room temperature, and are oper- 
ational through a large temperature range (-20 Fto140 F). 


This instrument has some background circuit noise; it is some- 


what gamma sensitive, and is extremely light sensitive. It is a good 
instrument except for the possibility of light leaks, since minute 
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Figure 8.30 Detector Probe 


pinholes in mylar can lead to very large background, and it is there- 
fore unsuitable for low-level monitoring, such as personnel monitoring. 


8-17 NAVAL LAB MODEL RAS 10 (ALPHA) 

This BuShips- sponsored five-pound portable instrument operates 
on the scintillation principle. It has four ranges, which will read up 
to 1, 000, 000 cpm, and operates on two 1. 5-v dry cells. 

8-18 AN/PDR 27 (BETA-GAMMA) (See figure. 8.31. ) 

The AN/PDR 27 is a ten-pound, portable, low-range, beta-gamma 
survey meter using two Geiger tubes. One tube is mounted in the case, 
the other in a probe. Only one tube operates at atime. The case 
tube is for the two higher ranges, the probe for the two lower ranges: 

0to 0.5 mr/hr (f7) 
Oto 5mr/hr (B7) 
0 to 50 mr/hr (7) 


0 to 500 mr/hr (7) 
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Figure 8.31 AN/PDR 27C 
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The probe has a beta window at one end to allow it to count beta up to 
a maximum of 5mr/hr. This instrument is not capable of counting 
alpha. This instrument has become the standard low range B - 7 
survey and monitoring instrument. 


8-19 AN/PDR 43 (BETA-GAMMA) (See figure 8.32.) 


The AN/PDR 43 is a 4.5-pound, portable, high-range, beta- 
gamma survey meter employing a Geiger detector. It has three ranges 
reading to 500 r/hr. 


Oto5r/br (By) 

Oto 50 r/hr (fy) 

0 to 500 r/hr (f,) 
This instrument provides a fine complement to the AN/PDR 27. The 
27 cannot count above 500 mr/hr and will saturate and read zero in 
high radiation fields. The 43 will not saturate. 

The AN/PDR 43 has a built-in strontium check source and oper- 
ates on two 1. 5-v dry cells. It is a good instrument for high-intensity 
beta and gamma surveys. This instrument will probably become the 
standard high-range beta-gamma survey instrument. 

8-20 AN/PDR 39 GAMMA SURVEY INSTRUMENT (See figure 8.33. ) 


The 39 is an intermediate, high-range, gamma survey instru- 
ment weighing 11 pounds. The ranges are: 


O- 5mr/hr (7) 

0- 50 mr/hr (7 ) 

0- 500 mr/hr (7) 

0- 5r/br (7) 

O- 50r/hr (7) 
The T1B and T1A are basically the same instrument. The circuitry 
of this instrument, which uses an electrometer tube, is very sensitive 
and very easily unbalanced. For this reason, there is a set position 


on the range knob to allow frequent rezeroing of the instrument while 
in use. This instrument is acceptable for medium-intensity gamma 
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fields. Although this instrument is obsolescent, it will read satis- 
factorily if maintained and calibrated. 


8-21 AN/PDR 53 (SRJ-6) 


The AN/PDR 53 is a 7-pound survey instrument using an inte- 
grating ionization chamber. It is a revision of the old "Juno". Al- 
though it ‘can detect alpha, beta, and gamma, it reads in mr/hr. It 
will, therefore, only give an indication of the presence of alpha. It 
is definitely not a suitable alpha detector. Ranges include: 


X1 Oto 50 mr/br 

X10 Oto 500 mr/br 

X100 0 to 5000 mr/hr 
The 53 uses sliding tabs to distinguish between types of radiation. With 
no tab, the instrument will detect alpha, beta, and gamma. With B 
tab only, beta and gamma is detected. With G tab only, gamma is 
detected. These tabs are shielding devices. This instrument uses 
and electrometer tube, which tends to drift and has a long stabilization 
time. It is acceptable for medium-range gamma fields. 

Alpha readings may be taken to about 107 cpm; but, since the 
instrument does not read directly in cpm, and since alpha, beta, and 
gamma reading affect each other, it is not a suitable field instrument 
for alpha monitoring. 

8-22 AN/PDR 18 (GAMMA) 


The AN/PDR 18 is a high-range gamma survey instrument using 
a scintillation detector. It has four ranges: 


0-0.5r/hr (7) 

O-5r/hr (7) 

O- 50r/hbr (7) 

0- 500 r/hbr (7) 
This instrument suffers from problems of stability and maintaining 
a perfect seal for light. It has an internal "calibration" source and 


must be recalibrated each time it is used. It operates on six 1. 5-v 
dry cells. This instrument is now obsolescent. 
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8-23 IM 108 (GAMMA) (See figure 8. 34. ) 


The IM 108 is a 3-pound, high-range, gamma survey instrument 
using a sealed integrating ionization chamber. Atmospheric changes 
are thus minimized, although it operates not on the saturation plateau, 
but in the recombination subregion. It has one range: 1 to 500 r/hr 
on a logarithmic scale. Accuracy is about + 30 percent. The IM 108 
operates on three mercury batteries and is therefore temperature 
sensitive. There is a removable battery box which can be placed 
under clothing at low temperature. Battery life is 300 hours. The 
instrument is ruggedized, water proof, and equipped with a belt clip. 
It is intended for use by radiological personnel. 


The IM 108A is a variation of this instrument and has an addition- 
al range scale reading from 0.01 to 10 r/hr with + 35 percent accuracy. 


For its designed use; i.e., as a light-weight, rugged instrument 
for fallout surveying, this instrument is quite satisfactory. However, 
because of its + 30 percent accuracy, it should not be used if better 
instruments are available. 
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APPENDIX A 
SUMMARY OF RADIATION UNITS 


Roentgen: For 7 or X-radiation only. 
1.6 x 1012 ion pairs per gram dry air. 
86 ergs release per gram dry air. 


97 ergs per gram tissue. 


Rad (Radiation absorbed dose): 
100 ergs released per gram for given material. 
Type of material must be specified. 
Effectively equal to Rep for tissue. 


Used for any radiation: X,7,a,6, n. 


Rem (Roentgen equivalent man): 
Unit of biological dose based on RBE. 


RBE (Relative biological effectiveness). 


X-rays or =1 
Beta particles = 1-2 
Fast neutrons = 10 
Thermal neutrons = 4-5 
Alpha particles = 10-20 
Recoil protons = 5 


Rem = Rad (Rep) x RBE 
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Rep (Roentgen equivalent physical): 
97 ergs released per gram tissue. 


Used for any radiation: X,7,a, 6, N. 


Dpm (Disintegrations per minute): 
Measure of number of disintegrations per unit of 
area or volume for external alpha emitter. 

Cpm (Counts per minute): 
Measure of instrument counts for external alpha. 
For 2x geometry: Dpm = Cpm x 2 
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APPENDIX B 


TABLE OF ISOTOPIC ATOMIC MASSES 


ELEMENT 


Electron 
Neutron 
Proton 
Hydrogen 
H 
Alpha 
Helium 


Lithium 


Beryllium 


Boron 


Carbon 


Nitrogen 


A 


0 


—_-_ pf 


O@8@-+ OIA & Ol hm 69 cd Co te 


b= 


11 
12 


10 
11 
12 
13 
14 


12 
13 


15 
16 
17 


0. 00055 
1. 00899 
1, 00759 


1.00814 
2. 01474 
3.01701 


4. 00277 


3. 01699 
4. 00387 
5. 01389 
6. 02083 


6. 01708 
7. 01823 
8. 02503 


7, 01916 
8. 00785 
9. 01505 
10. 01672 


9. 01620 
10. 01612 
11, 01280 
12. 01817 


10. 02024 
11. 01492 
12. 00380 
13. 00748 
14. 00769 


12. 02278 
13. 00986 
14. 00752 
15. 00486 
16. 01117 
17. 01398 


Z 


10 


11 


12 


13 


14 


ELEMENT 


Oxygen 
O 


Fluorine 


Neon 


Na 


Magnesium 
Mg 


Aluminum 


Al 


Silicon 


Si 


MASS 


14, 01307 
15. 00777 
16. 00000 
17. 00453 
18. 00485 
19, 00959 


17. 00751 
18. 00665 
19. 00445 
20. 00634 


19. 00794 
19, 99877 
21. 00050 
21. 99835 
23. 00176 


21. 00428 
22. 00140 
22. 99705 
23. 99856 
24. 99778 


23. 00145 
23. 99264 
24. 99375 
25. 99080 
26, 99287 


24,99831 
25, 99512 
26, 99008 
27, 99077 
28. 98992 


26. 99526 
27. 98577 
28. 98566 
29. 98325 
30. 98515 
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TABLE OF ISOTOPIC ATOMIC MASSES (Continued) 


2 


15 


16 


17 


18 


19 


20 


ELEMENT 


Phosphorus 
Pp 


Sulfur 


Chlorine 


Cl 


Argon 


Potassium 


K 


Calcium 
Ca 
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MASS 


28. 99099 
29. 98788 
30. 98356 
31. 98403 
32. 98216 


30. 98940 
31. 98220 
32. 98189 
33. 97864 
34. 98008 
35. 97844 
36. 98205 


32. 98774 
33. 98457 
34. 97990 
35. 97969 
36. 97754 
37. 97996 
38. 97982 


34. 98571 
35. 97892 
36. 97842 
37. 97479 
38. 97664 
39. 97505 
40. 97753 


36. 98500 
37. 98110 
38. 97604 
39. 97665 
40. 97476 
41.97583 
42.97433 
43. 97590 


38. 98340 
39. 97523 
40. 97523 
41.97189 
42.97235 
43. 96934 
44. 97035 
46. 96946 
47. 96770 
48.97116 


21 


22 


23 


24 


25 


ELEMENT 


Scandium 


Titanium 


Vanadium 


Chromium 


Cr 


Manganese 


MASS 


39. 99025 
40. 98163 
42.97473 
43, 97326 
44. 97007 
45. 96949 
46. 96724 
47. 96741 
48. 96554 


44. 97227 
45. 96695 
46. 96650 
47. 96312 
48. 96339 
49. 96058 
50. 96266 


45. 97490 
46. 96963 
47. 96745 
48. 96404 
49. 96312 
50. 96004 
51. 96918 


48. 96679 
49. 96164 
50. 96084 
51. 95699 
52. 95746 
53. 95602 
54. 95843 


49. 97000 
50. 96430 
51. 96207 
§2. 96225 
53. 95731 
54. 95540 
55. 95659 


TABLE OF ISOTOPIC ATOMIC MASSES (Continued) 


27 


ELEMENT 


Iron 


Fe 


Cobalt 
Co 


Nickel 


Ni 


Copper 
Cu 


MASS 


51. 96421 
52. 96225 
33. 95664 
54. 95565 
55. 95264 
56. 95342 
57, 95147 
58. 95361 


53. 96620 
54. 95936 
55. 95761 
56. 95398 
57. 95394 
58. 95194 
59. 95287 
60. 95219 
61. 95204 


56. 95746 
57. 95377 
58. 95309 
59. 94984 
60. 94869 
61. 94757 
62. 94851 
63. 94813 
64. 95065 


57. 96400 
59. 95658 
60. 95208 
61. 95179 
62. 94944 
63. 94993 
64. 94840 
65. 94976 
66. 94911 


30 


31 


33 


ELEMENT 


Zinc 


Zn 


Gallium 


Germanium 


Arsenic 
As 


MASS 


61. 95361 
62. 95308 
63. 94932 
64, 94985 
65. 94694 
66. 94850 
67. 94652 
68. 94853 
69. 94743 
70. 94984 


63. 95710 
64. 95320 
65. 95249 
66. 94958 
67. 94964 
68. 94757 
69. 94814 
70. 94737 
71. 94890 
72. 94795 


66. 95433 
68. 94997 
69. 94637 
70. 94763 
71, 94460 
72. 94645 
73, 94459 
74. 94662 
75. 94533 
76. 94802 


70. 94969 
71, 94928 
72. 94685 
73, 94734 
74. 94540 
75. 94653 
76. 94509 
717. 94649 
78. 94605 
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TABLE OF ISOTOPIC ATOMIC MASSES (Continued) 


Z ELEMENT 


34 Selenium 
Se 


35 Bromine 


36 Krypton 
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73 
14 


76 
17 
78 


81 
82 


15 
76 
77 
78 


81 
82 


85 
87 
11 
78 


81 
82 
83 
85 


87 


72, 94983 
73. 94589 
74. 94633 
75. 94334 
76. 94436 
77. 94209 
78. 94358 
79. 94198 
80. 94358 
81. 94261 


74. 94926 
75. 94827 
76. 94582 
77. 94585 
78. 94341 
79. 94401 
80. 94208 
81. 94268 
82. 94130 
83. 94308 
84, 94261 
86. 94987 


76. 94891 
77. 94489 
78. 94515 
79, 94186 
80. 94225 
81. 93940 
82. 94034 
83. 93806 
84. 93960 
85. 93821 
86. 94128 
87. 94247 
88. 94479 


37 


40 


ELEMENT 


Rubidium 


Yttrium 


Zirconium 


Zr 


81 


80. 94461 
81, 94355 
83. 94000 
84. 93888 
85. 93852 
86. 93687 
87. 93930 
88, 94049 
89. 94190 


83. 93986 
84. 94000 
85. 93662 
86. 93658 
87. 93375 
88. 93565 
89. 93577 
90. 93867 
91. 93965 


85. 94113 
86. 93839 
87. 93777 
88. 93408 
89. 93520 
90. 93580 
91. 93758 
92. 93866 
93. 94160 


86, 94216 
88. 93713 
89. 93284 
90. 93414 
91. 93382 
92. 93533 
93. 93580 
94.93791 
95. 93853 
96. 94142 


TABLE OF ISOTOPIC ATOMIC MASSES (Continued) 


41 


42 


43 


45 


ELEMENT 


Niobium 


Nb 


Molybdenum 


Technetium 
Te 


Ruthenium 


Rhodium 


89. 93761 
90. 93563 
91. 93561 
92. 93526 
93. 93652 
94. 93670 
95. 93826 
96. 93855 


91. 93521 
92. 93573 
93. 93433 
94. 93570 
95. 93490 
96. 93647 
97. 93656 
98. 94000 
99. 93828 


91. 94208 
92. 93910 
93. 93898 
94. 93745 
95. 93823 
98. 93951 


94. 93970 
95. 93792 
97. 93713 
98. 93820 
101, 96341 
102. 93870 
103. 93780 
104. 94084 
105. 94023 


101. 93875 
102. 93790 
103. 93960 
104. 93869 
105. 94019 
106. 94024 


2 


46 


47 


48 


ELEMENT 


Palladium 
Pd 


Silver 


Cadmium 
Cd 


100 
102 
103 
104 
105 
106 
107 
108 


110 
111 
112 


104 
105 
106 
107 
108 


110 
111 
112 
113 
115 


105 
106 
107 
108 


110 
111 
112 
113 
114 
115 
116 
117 


MASS 


101. 93753 
102. 93850 
103. 93687 
104. 93808 
105. 93640 
106. 93895 
107. 93780 
108. 94051 
109. 93960 
110, 94289 
111. 94277 


103. 94087 
104. 94050 
105. 93959 
106. 93891 
107. 94009 
108. 93934 
109, 94139 
110, 94058 
111. 94245 
112. 94228 
114. 94528 


104, 94272 
105. 93952 
106. 94045 
107. 93820 
108. 93951 
109. 93830 
110, 93945 
111. 93823 
112. 94028 
113, 93955 


114, 94206 


115, 94185 
116. 94480 


147 


TABLE OF ISOTOPK ATOMIC MASSES (Continued) 


Z ELEMENT 


49 Indium 
In 


50 Tin 


51 Antimony 


148 


106. 94403 
108. 94141 
109. 94252 
110. 94040 
111. 94096 
112. 94012 
113. 94160 
114, 94050 
115. 94253 
116. 94179 


110. 94311 
111. 94026 
113, 93947 
114, 93996 
115. 93897 
116. 94020 
117, 93930 
118. 94100 
119. 94006 
120. 94241 
121. 94210 
122. 94462 
123. 94454 
124. 94742 


115, 94404 
117, 94370 
119. 94298 
120. 94200 
121. 94368 
122. 94310 
123. 94523 
124, 94490 


53 


54 


ELEMENT 


Tellurium 
Te 


Iodine 


Xenon 


120 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 


122 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
136 


124 
126 
127 
128 
129 
130 
131 
132 
133 
134 
136 
137 


MASS 


119, 94252 
121. 94156 
122. 94330 
123. 94211 
124. 94408 
125. 94360 
126. 94566 
127, 94610 
128. 94758 
129. 94780 
130. 95002 
131. 95026 
132. 95285 


121. 94601 
123, 94557 
124, 94424 
125. 94585 
126. 94480 
127. 94667 
128, 94575 
129. 94781 
130. 94766 
131, 94982 
132. 94963 
133. 95127 
135. 95692 


123. 94539 
125, 94450 
126. 94588 
127, 94450 
128. 94555 
129. 94462 
130, 94662 
131. 94600 
132. 94766 
133. 94762 
135. 95005 
136. 95520 


TABLE OF ISOTOPIC ATOMIC MASSES (Continued) 


2 


55 


56 


o7 


58 


ELEMENT 


Cesium 


Barium 


Lanthanum 
La 


Cerium 


Praseodymium 
Pr 


128 


130 
131 
132 
133 
134 
137 
138 


129 
130 


137 
138 
139 
140 


134 
138 
139 
140 
141 


138 
139 
140 
141 
142 
143 
144 
146 


138 
140 
141 
142 
143 
144 
146 


MASS 


127. 94890 
128. 94674 
129. 94783 
130. 94700 
131. 94793 
132, 94720 
133, 94896 
136. 95090 
137. 95390 


128. 94953 
129. 94735 
133. 94676 
136. 94963 
137. 94870 
138, 95206 
139. 95437 


133. 95073 
137. 95010 
138, 94950 
139, 95297 
140. 95433 


137, 94903 
138. 94963 
139. 94890 
140, 95172 
141, 95302 
142. 95654 
143, 95844 
145. 96430 


137. 95279 
139. 95239 
140. 95110 
141. 95384 
142, 95505 
143. 95812 
145. 96321 


z 


60 


61 


63 


64 


65 


ELEMENT 


Neody mium 


Nd 


Promethium 


Samarium 


Europium 
Eu 


Gadolinium 


Terbium 


Tb 


s 


140 
141 
142 
143 
144 
146 
147 
148 
149 
150 


146 
147 
148 
149 
150 


144 
147 
148 
149 
150 
152 
154 
155 
156 


150 
154 
155 
156 
157 


150 
154 
155 
156 
157 
158 
160 


160 


MASS 


139. 95250 
140. 95298 
141, 95151 
142, 95405 
143. 95493 
145. 95870 
146. 96153 
147. 96400 
148. 96670 
149. 96790 


145, 95895 
146. 96055 
147. 96420 
148. 96490 
149, 96910 


143. 95600 
146. 96081 
147, 96130 
148, 96346 
149. 96340 
151. 96730 
153. 97052 
154. 97351 
155. 97505 


149. 96620 
153. 97292 
154. 97115 
155. 97408 
156. 97303 


149. 96505 
153. 96972 
154. 97088 
155.97150 
156. 97120 
157, 97342 
159. 97775 


159. 97775 


149 


TABLE OF ISOTOPIC ATOMIC MASSES (Continued) 


66 


67 


69 


70 


71 


72 


73 


14 


75 


ELEMENT 


Dysprosium 


Holmium 
Ho 


Erbium 


Thulium 
Tm 

Ytterbium 
Yb 

Lutetium 
Lu 

Hafnium 
Hf 


Tantalum 


Wolfram 


Rhenium 


150 


160 
162 
164 
165 


164 
165 


164 
168 
170 


172 
174 


176 


176 
178 
180 
181 


180 
181 
182 


180 
182 
183 
184 
186 
187 


186 
187 
188 


MASS 


159. 97580 
161. 97696 
163. 98042 
164. 98244 


163. 98277 
164. 98110 


163. 98172 
167. 98392 
169. 98936 


No masses 
determined. 


171. 98384 
173. 98075 


175. 99737 


175. 99630 
177. 99976 
179. 99800 
181. 00400 


180. 00220 
181. 00290 
182. 00537 


180. 00145 
182. 00351 
183. 00530 
184. 00630 
186. 01040 
187. 01246 


186. 01070 
187. 01105 
188. 01633 


76 


77 


79 


80 


81 


ELEMENT 


Osmium 
Os 


Iridium 


Platinum 


Gold 


Mercury 
Hg 


Thallium 


186 
187 
188 
189 
190 
191 
192 
193 


191 
192 
193 
194 
195 


192 


MASS 


186. 00955 
187, 01104 
188, 01410 
189. 01812 
190. 01740 
191. 02150 
192. 02250 
193, 02637 


191, 02124 
192. 02470 
193. 02520 
194. 02640 
195. 02866 


192.02310 
193. 02530 
194. 02400 
195. 02640 
196. 02688 


197.02928 
198. 02900 


196, 02810 
197, 02847 
198. 03048 
199, 03103 
200. 03438 
201. 03560 


196, 02735 
198. 02900 
199. 03055 
200, 03191 
201. 03400 
202. 03534 
203. 03647 
204. 03732 
205, 04036 


202. 03641 
203. 03595 
204. 03768 
205. 03848 
206. 04045 
207. 04214 
208. 04701 
209. 05068 
210. 05561 


- TABLE OF ISOTOPIC ATOMIC MASSES (Continued) 


Z ELEMENT 


82 Lead 
Pb 


83 Bismuth 


Bi 


84 Polonium 


Po 


210 


216 


210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 


MASS 


202. 03650 
203. 03735 
204. 03686 
205. 03854 
206. 03883 
207. 04058 
208. 04164 
209. 04647 
210. 04983 
211. 05475 
212. 05817 
214. 06658 


206. 04269 
207. 04316 
208. 04479 
209. 04579 
210. 04976 
211. 05326 
212. 05754 
213. 06097 
214. 06552 
215. 06891 
216. 07380 


208. 04633 
209. 04776 
210. 04850 
211. 05260 
212. 05513 
213. 05947 
214. 06211 
215. 06671 
216. 06946 
217. 07406 
218. 07702 
219. 08211 
220. 08503 


2 


85 


86 


87 


ELEMENT 


Astatine 
At 


Radon 


Francium 


Fr 


A 


210 
211 
212 
213 
214 
215 
216 
217 
218 
219 
220 


212 
214 
215 
216 
217 
218 
219 
220 
221 
222 
223 
224 


219 
220 
221 
222 
223 
224 
225 
226 


MASS 


210. 05261 
211. 05345 
212. 05693 
213. 05975 
214. 06325 
215. 06589 
216. 06995 
217. 07251 
218. 07664 
219. 07965 
220. 08412 


212. 05706 
214. 06237 
215. 06589 
216. 06777 
217. 07181 
218. 07379 
219. 07804 
220. 08021 
221. 08451 
222. 08690 
223. 09157 
224. 09411 


219. 07776 
220. 08114 
221. 08328 
222. 08707 
223. 08960 
224. 09359 
225. 09593 
226. 10000 


151 


TABLE OF ISOTOPIC ATOMIC MASSES (Continued) 


Zz ELEMENT 
88 Radium 
Ra 


89 Actinium 


Ac 


90 Thorium 


152 


Th 


218 
219 
220 
221 
222 
223 
224 
225 
226 
227 
228 
229 
230 


221 
222 
223 
224 
225 
226 
227 
228 
229 
230 
231 
232 


222 
223 
224 
225 
226 
227 
228 
229 
230 
231 
232 
233 
234 


MASS 


218. 07551 
219. 07852 
220. 07978 
221. 08304 
222. 08483 
223. 08832 
224. 09030 
225. 09388 
226. 09600 
227. 10018 
228. 10256 
229. 10641 
230. 10914 


221. 08490 
222. 08721 
223. 08890 
224. 09176 
225. 08706 
226. 09689 
227. 09888 
228. 10251 
229. 10448 
230. 10818 
231. 11083 
232. 11486 


222. 08808 
223. 09066 
224. 09145 
225. 09414 
226. 09564 
227, 09879 
228. 10011 
229. 10325 
230. 10499 
231. 10861 
232. 11080 
233, 11432 
234. 11678 


a 


91 


92 


93 


ELEMENT 


Protactinium 


Pa 


Uranium 


Neptunium 


Np 


242 


MASS 


225. 09662 
226. 09853 
227. 09984 
228. 10230 
229. 10359 
230. 10662 
231. 10827 
232. 11118 
233. 11300 
234, 11657 
235. 11900 
236. 12287 


226. 09991 
227. 10197 
228. 10262 
229. 10499 
230. 10595 
231. 10863 
232. 10979 
233. 11240 
234, 11406 
235. 11750 
236. 11959 
237, 12275 
238, 12522 
239. 12916 
240. 13181 
241, 13547 
242. 13844 


229. 10809 
230. 10966 
231. 11058 
232, 11264 
233. 11352 
234, 11635 
235, 11767 
236. 12050 
237. 12220 
238, 12536 
239. 12777 
240. 13142 
241. 13355 
242. 13775 


TABLE OF ISOTOPIC ATOMIC MASSES (Continued) 


Z ELEMENT 


94 Plutonium 


Pu 


95 Americium 


Am 


96 Curium 


Cm 


232 
233 
234 
235 
236 
237 
238 
239 
240 
241 


243 


245 
246 


236 
237 
238 
239 
240 
241 
242 
243 
244 
245 
246 
247 
248 


236 
237 
238 
239 
240 
241 
242 
243 


245 
246 


MASS 


232. 11370 
233. 11585 
234. 11659 
235. 11890 
236. 11995 
237. 12243 
238. 12396 
239. 12700 
240. 12910 
241. 13215 
242. 13445 
243, 13809 
244, 14065 
245. 14412 
246. 14712 


236. 12339 
237. 12396 
238. 12664 
239. 12783 
240. 13056 
241. 13213 
242. 13519 
243. 13748 
244. 14092 
245. 14283 
246. 14680 
247. 14930 
248. 15405 


236. 12536 
237. 12716 
238, 12757 
239. 12976 
240. 13066 
241. 13307 
242. 13451 
243. 13748 
244. 13931 
245. 14209 
246. 14413 


2 


97 


99 


100 


ELEMENT 


Berkelium 


Bk 


Californium 


Cf 


Einsteinium 


Fermium 


Fm 


246 


252 


MASS 


240. 13527 
241. 13559 
242, 13806 
243. 13905 
244. 14154 
245. 14292 
246. 14572 
247. 14764 
248. 15068 
249. 15252 


242. 13969 
243. 14169 
244. 14235 
245. 14458 
246. 14576 
247. 14847 
248, 15002 
249. 15252 
250. 15460 


244. 14780 
245. 14790 
246. 15017 
247. 15089 
248. 15312 
249. 15419 


246, 15259 
247, 15437 
248, 15482 
249. 15686 
250. 15769 
251. 16008 
252. 16168 


153 


TABLE OF ISOTOPIC ATOMIC MASSES (Continued) 


Z ELEMENT A MASS 


101 Mendelevium 250 250. 16291 
251 251. 16336 

Md 252 252. 16532 

253 253. 16642 

254 254. 16896 

255 255. 17093 

256 256. 17383 


102 Nobelium No masses 


determined. 
No 


154 


A 


A factor, 98 

A number, 22 

AN/PDR 10, 130 

AN/PDR 18, 136 

AN/PDR 27, 132ff ° 
AN/PDR 39, 134, 136f 
AN/PDR 43, 134f 

Amu, 26 

Absorption, 44 
Absorption, alpha emitters, 79 
Absorption, gamma, 53ff 
Absorption, neutrons, 63 
Acceleration, 6f 
Activation energy, 68f 
Alpha, 31ff, 38, 78f 
Alpha counter, 109 

Alpha emitter absorption, 79 
Alpha interaction, 45ff, 96 
Alpha, internal, 79 

Alpha range, 81 

Alpha specific ionization, 78f 
Amplification factor, 97f 
Atom, 15ff 

Atom, size, 16 

Atomic notation, 20, 22 
Atomic number, 22 
Atomic mass, 26 

Atomic mass number, 22 
Atomic mass unit, 26 
Atomic symbol, 22 
Autoradiograph, 85, 86 
Avogadro's number, 28f 


B 

Barn, 60 

Beta, 31ff, 37, 79 

Beta interaction, 47ff 

Beta, internal, 79 

Beta range, 81 

Beta specific ionization, 79 
Binding energy, 27f 

Binding energy per nucleon, 27f 
Biological half life, 92f 

Body radiation sensitivity, 83 
Bohr, 16 


INDEX 


Bremsstrahlung, 48f 
Build-up factor, 57f 


Cc 

Calibration formula, 127f 
Capture, 60 

Capture cross section, 61 
Cell composition, 82f 
Cells, 81 

Chain reaction, 74f 
Charged plates, 13f 
Charges, 12ff 

Chemical energy, 9 
Chemical properties, 19 
Chromosomes, 82 

Coaxial detector, 97 
Compound, 20 

Compton effect, 50f 
Conservation of energy, 10 
Conservation of matter, 10 
Count-rate meter, 99 
Critical mass, 75f 
Critical radius, 112 
Criticality, 75f 
Criticality, factors affecting, 76 
Cross section, 60f 

Cross section, fission, 76 
Crystal dosimeter, 126 
Curie, 39 

Cytoplasm, 82 


D 

D-square law, 127f 
DT-60, 126 

Decay constant, 39 
Decay nomogram, 42 
Decay, radioactive, 33ff, 38ff 
Decay series, 41, 43 
Deposition, internal, 91ff 
Detection theory, 95ff 
Detector operation, 99f 
Detectors, 95ff 

Diatomic molecule, 20f 
Distance, 2 


155 


Dose, lethal, 90 
Dose, radiation, 88f 
Dose rate, 89 
Dosimeters, 123ff 
Dynodes, 119 


E 

Einstein, 10, 67 

Electric field, 97 
Electrical energy, 9 
Electromagnetic energy, 9ff 
Electromagnetic radiation, 9ff 
Electron, 15f 

Electron orbits, 16ff 
Electron shells, 16ff 
Electron volt, 27 

Element, 15 

Energy, 8ff 

Energy, activation, 68f 
Energy, chemical, 9 
Energy, conservation of, 10 
Energy, electrical, 9 
Energy, electromagnetic, 9ff 
Energy, excitation, 68ff 
Energy, fission, 71f 
Energy, heat, 9 

Energy, kinetic, 9 
Energy-mass, 10 

Energy, neutrons, 62 
Energy, potential, 8f 
Energy, threshold, 68ff 
English system, 2 
Enrichment, 76 

Enzymes, 82 

Excitation, 19, 44f 
Excitation energy, 68f 
Exponents, 3f 

External dose, 89ff 


F 

Fast neutron, 62 

Field, electric, 97 

Field lines, 13f 

Film badge, 124, 126 
Fission, 28, 60, 64, 66ff, 76f 
Fission cross section, 76 


156 


INDEX (Continued) 


Fission energy, 71f 
Fission fragments, 71, 7T2ff 
Fission neutrons, 70f 
Fission reactions, 67 
Fission, spontaneous, 69 
Fusion, 28, 59, 64ff, 76f 


G 

G-M characteristics, 118 

G-M detector, 111ff 

G-M dose rate, 89 

G-M region, 102, 106 

Gamma, 3lff, 80 

Gamma absorption, 53ff 

Gamma absorption nomogram, 56 
Gamma interaction, 49ff, 96 
Gamma range, 81 

Gas amplification, 97ff, 100f 
Geiger-Mueller characteristics, 118 
Geiger-Mueller detector, 111ff 
Geiger-Mueller dose rate, 89 
Geiger-Mueller region, 102, 106 
Generation, 74 

Gram, 2 


H 

Half life, 39f, 43 

Half life, biological, 92f 
Half-thickness, 54f 
Health physics, 78ff 
Heat energy, 9 

Human body, 81 


I 


IM-108, 138f 

Integrating ion chambers, 108f 
Interaction, 44ff 

Interaction, alpha, 45ff, 96 
Interaction, beta, 4'7ff 
Interaction, gamma, 49ff, 96 
Intermediate neutron, 62 
Internal alpha, 79 

Internal beta, 79 

Internal deposition, 91ff 
Ionization, 44f, 95 


INDEX (Continued) 


Ionization, alpha, 45ff 
Ionization, beta, 4‘Tff 

Ionization chamber region, 100ff 
Ionization chambers, 106ff 
Ionization, potential, 103 
Ionization, relative, 8O0f 
Ionization, specific, 44 
Isobars, 22, 25 

Isomers, 22 

Isotopes, 16, 22ff 


K 


Kinetic energy, 9 


L 

Length, 1f 

Lethal dose, 90 

Limited proportional region, 102 
Linear absorption coefficient, 53 
Liquid dosimeter, 126 

Lung model, 92 


M 
Mev, 27 
Mass, lf 


Mass, atomic, 26 

Mass defect, 26f, 64 
Mass-energy, 10 

Mass number, 22 

Mass per nucleon, 64 
Matter, conservation of, 10 
Measurement, 1if 

Metric prefixes, 3,5 
Metric system, 2 
Moderation, 63, 76 
Molecule, 20ff 

Molecule, diatomic, 20f 
Motion, 6f 

Multiplying chain reaction, 75 
Mylar, 130 


N 


Negative charge, 12ff 
Neutron, 15f 


Neutron absorption, 63 
Neutron counter, 110 
Neutron detection, 122f 
Neutron energies, 62 
Neutron hazards, 79f 
Neutron, fast, 62 

Neutron interaction, 79f 
Neutron, intermediate, 62 
Neutron moderation, 63, 76 
Neutron range, 81 

Neutron reactions, 61ff 
Neutrons, fission, 70f 
Neutron, slow, 62 

Neutron, thermal, 62 
Neutron-to-proton ratio, 33f 
Nomogram, decay, 42 
Nomogram, gamma absorption, 56 
Nonsustaining chain reaction, 74 
Nu value, 70 

Nuclear reactions, 59ff 
Nuclear reaction terms, 59 
Nucleus, 16 

Nucleus, size, 16 


Qo 

One-over-D2 law, 127f 
Orbits, electron, 16ff 
Organs, 81 


e 

PAC 1S, 130ff 

PAC 3G, 128ff 

Pair production, 5lf 

Periodic table, 30 

Phosphate glass dosimeter, 12€ 
Photoelectric effect, 50 
Photofission, 68 
Photomultiplier tube, 118ff 
Photon, 19 

Pocket chamber, 124f 

Pocket dosimeter, 124f 
Positive charge, 12ff 

Positive ion sheath, 105, 112f 
Potential energy, 8f 

Powers, 3f 

Proportional detector, 109f, 11: 


157 


INDEX (Continued) 


Proportional plateau, 110f 
Proportional region, 101, 104 
Proton, 15f, 80 

Proton recoil, 60 

Pulse counting chamber, 108 
Pulse height, 102f 


Q 


Quenching, 105f 
Quenching, external, 116f 
Quenching, internal, 114f 


R 

RBE, 87, 88 

Radiac, 95 

Radiac circuits, 98f 

Radiac units; 126 

Radiation, 31ff 

Radiation doses, 88f 

Radiation, electromagnetic, 9ff 
Radiation treatment, 93f 
Radiation units, 83ff, 126 
Radioactive decay, 33ff, 38ff 
Radioactive decay nomogram, 42 
Radioactivity, 31ff 

Rad, 85, 88 

Range, radiation, 81 

RAS-10, 132 

Reaction, chain, 74f 

Reaction terms, 59 

Reactions, fission, 67 
Reactions, nuclear, 59ff 
Recoil proton, 60 

Recovery time, 113 

Relative ionization, 80f 
Relative specific ionization, 95f 
Rem, 87f 

Rep, 85, 88 

Reproduction factor, 75 
Retriggering, 113ff 

Roentgen, 84, 88 


Ss 


Scalar, 99 
Scatter, 59f 


158 


Scatter cross section, 61 
Scintillation detectors, 118ff 
Shells, 16ff 

Specific ionization, 44ff 
Specific ionization, alpha, 45ff, 78f 
Specific ionization, beta, 4‘ff 
Specific ionization, relative, 95f 
Speed, lf, 6 

Spontaneous fission, 69 
Structure of matter, 15ff 
Subcritical mass, 175f 
Supercritical mass, 76 
Sustaining chain reaction, 75 
Symbols, 43 

Symbols, atomic, 22 


T 


Thermal neutron, 62 
Threshold energy, 68f 
Time, If 

Treatment, radiation, 93f 


U 


Units, if 
Units, radiac, 126 
Units, radiation, 83ff, 88 


V 


Velocity, 6f 


Z number, 22 
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